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barrier  height.  Oxidation  of  the  surface  prior  ta  metal  deposition  always 
leads  to  an  increase  in  Schottky  barrier  height. ^'The  deposition  of  ultra  thin 
aluminium  layers  between  the  CdTe  surface  and  the  metal  overlayer  produced 
effects  which  varied  with  the  thickness  of  the  aluminium  interlayers.  The 
complexity  of  these  systems,  though,  are  such  that  much  more  data  will  be 
needed  to  establish  the  mechanisms  responsible  for  these  effects. 

In  Section  2  of  this  report  we  consider  the  role  of  surface  defects  in  the 
pinning  of  the  Fermi  level  at  free  semiconductor  surfaces  and  in  the  adsorption 
and  oxidation  processes  involved  when  these  surfaces  interact  with  gases  and 
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chemical  interactions  and  in  the  determination  of  electrical  characteristics 
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SECTION  1 


Metal  Contacts  to  CdTe 


1:0  INTRODUCTION 

In  this  section  the  results  are  presented  for  barriers 
fabricated  on  low  resistivity  CdTe  samples.  The  CdTe 
crystals  used  were:  In  doped  n-type  crystals  grown  by  the 

,26 

Fast  Vertical  Bridgman  technique  described  in  a  previous  report 
Sample  parameters  were  typically  :  mobility  ~500cm2 v~ 1 S~ 1 ; 
carrier  concentration  ~101Icm'3;  resistivity  -1-10  P, .cm. 

Crystals  were  grown  using  a  Cd  over  pressure  of  2.1 
atmospheres  and  an  indium  dopant  concentration  of  2  x  101B 
atom. cm"3.  The  crystals  were  slow  cooled  after  growth.  It 
was  reported  previously2! hat  attempts  at  fabricating 
Schottky  barriers  on  CdTe  resulted  in  large  variations  in 
the  reported  values  of  barrier  heights.  One  reason  for  this 
may  lie  in  the  use  of  so  many  different  types  of  surface 
preparation  prior  to  metal  deposition.  As  was  shown  in  the  previ 
ous  report  many  of  the  surface  preparations  commonly  used 
frequently  leave  the  CdTe  surface  either  oxidised  or  even 
depleted  of  one  of  the  constituent  species.  It  is  not 
surprising  then  that  a  variation  in  the  barrier  heights  of 
metal  contacts  on  these  surfaces  is  seen.  To  reduce  the 
problems  associated  with  these  surface  variations  the  metal 
contacts  in  the  work  that  follows  have  been  evaporated  onto 
the  two  most  reproducible  types  of  CdTe  surface  i.e.  the 
ultra  high  vacuum  cleaved  (110)  surface  and  the  air  cleaved 
surface  exposed  for  48  hours  to  air  at  a  pressure  of  one 
atmosphere . 

1:1  EXPERIMENTAL  METHOD 

The  method  of  experimentation  used  involves  carrying 
out  complementary  surface  investigations  sequentially  on 


1 


the  same  sample  in  the  same  ultra  high  vacuum  chamber  without 
breaking  the  vacuum.  The  techniques  of  XPS,  AES,  LEED,  UPS, 

I  -  V  and  C  -  V  variation  were  used.  The  approach  to  the 
metal  semiconductor  formation  investigation  is  twofold. 
Firstly  controlled  amounts  of  metal,  from  fractions  of  a 
monolayer  upwards  are  evaporated  onto  the  surface  of  CdTe. 

The  early  stages  of  Schottky  barrier  formation  were  then 
monitored  by  XPS,  UPS  and  AES.  Once  a  thick  metal  overls 
had  been  established  the  Schottky  barrier  heights  were 
measured  in  situ  by  I  -V  and  C  -  V  techniques.  LEED  was 
used  to  determine  the  degree  of  order  in  the  metal  overlc  - 
In  all  cases  the  results  presented  are  for  metal-CdTe 
interfaces  fabricated  at  room  temperature. 

1:2  RESULTS 

1 :  The  Vacuum  Cleaved  (110)  Surface  of  CdTe 
(a)  Gold  (Au). 

Fig.  1.1  shows  the  dark  current  voltage  characteristics  of 

a  typical  Au  -  vacuum  cleaved  CdTe  Schottky  diode.  Barriers 

measured  for  several  such  diodes  ranged  from  0^  =  0.92eV  to 

0 . 98eV  with  n,the  ideality  factor  varying  from  1.1  to  -1.5 

The  most  typical  value  though  was  0^  =  0.96eV  with 

n  =  '1.1.  A  rectification  factor  of  102  -  103  was  typically 

seen  on  the  application  of  '0.2V. 

Capacitance-voltage  measurements,  made  at  10KHZ,  were 

made  on  the  devices.  A  typical  result  is  shown  in  fig.  1.2 
V  2 

The  c  versus  V  plot  is  very  linear  up  to  IV  indicating  a 
uniform  doping  profile  in  the  semiconductor.  The  slope  of 
the  plot  gives  a  value  of  the  doping  density,  N^,  which  for 
this  diode  was  in  good  agreement  with  the  bulk  doping 
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density  as  measured  by  the  Hall  effect.  For  all  diodes 
fabricated  good  agreement  between  I  -  V  and  C  -  V  values  of 
barrier  height  was  obtained. 

Fig.  1.3  shows  the  UPS  spectra  obtained  during  the 
formation  of  a  Au-CdTe  diode.  Spectra  shown  are  angle 
resolved  photoelectron  spectra  for  normal  emission.  He  I 
radiation  of  energy  21.2eV  was  used,  the  angle  of  incidence 
of  radiation  to  the  crystal  surface  being  55c .  Evaporation 
times  shown  are  in  seconds.  Spectrum  1  is  the  UPS  spectrum 
of  the  vacuum  cleaved  CdTe .  The  various  peaks  may  be 
understood,  to  a  first  approximation  anyhow,  in  terms  of 
bulk  electron  states1.  Particularly  prominent  is  the 
emission  from  the  spin  orbit  split  cadmium  4d  level  at 
binding  energies  of  -10.9  and  11.5eV.  Upon  progressive 
deposition  of  An  these  levels  shift  to  lower  binding  energies 
by  ~0.85eV,  while  at  the  same  time  the  energy  separation  of 
the  spin  orbit  split  components  remains  unchanged.  Emissions 
from  these  Cd  4d  levels  remain  a  prominent  feature  of  the 
spectra  even  for  quite  a  thick  coverage  of  An.  At  thick  Au 
coverages  it  is  not  possible  to  say  anything  about  the  Te 
presence  by  UPS  since  the  emissions  from  the  Au  5F  orbitals 
mask  any  emissions  from  the  Te  valence  levels.  The  shift 
of  the  CdTe  features  in  the  spectrum  with  increasing  Au 
coverage  is  due  to  a  Fermi  level  movement,  at  the  semi¬ 
conductor  surface,  down  the  band  gap,  indicative  of  the 
formation  of  a  Schottky  barrier  of  -0.85eV.  This  observation 
is  based  on  two  assumptions.  Firstly  that  the  ultra  high 
vacuum  cleaved  surface  of  CdTe  does  not  have  any  surface 
states  which  could  pin  the  Fermi  level,  such  that  the  bands 
near  the  surface  are  flat.  Secondly  that  the  electron 
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escape  depth  i.e.  the  probing  depth  of  the  technique 

o 

(10-20A)  is  short  compared  to  the  band  bending  (several 

o 

hundred  A)  following  metal  deposition.  The  Fermi  level 
movement  at  the  semiconductor  surface  for  Au  deposition  is 
summarised  in  fig.  1.15  along  with  the  behaviour  of  other 
metals.  This  observation  of  band  bending  with  increasing  Au 
coverage  is  in  agreement  with  the  Schottky  barrier  heights 
established  for  thick  film  coverages  by  I  -  V  and  C  -  V 
techniques . 

An  evaluation  of  the  contact  formation  by  XPS  and  AES 
produced  similar  deposition  profiles.  An  XPS  profile  is  shown 
in  fig.  1.4.  This  shows  that  initially  there  is  a  substantial 
fall  off  in  the  Cd  and  Te  peak  intensities,  but  as  the  Au 
overlayer  builds  up,  the  Cd  and  Te  peak  intensities  reached 
some  equilibrium  position  where  relatively  little  decrease 
in  peak  intensity  of  Cd  and  Te  was  seen,  even  after 
evaporation  of  quite  a  thick  Au  overlayer.  Slight  argon 
ion  bombardment  of  this  interface  showed  that  the  Cd  and  Te 
atoms  were  incorporated  within  the  Au  overlayer  rather  than 
being  situated  on  its  outer  surface. 

LEED  investigations  of  the  metal  overlayer  showed  that 
the  overlayer  was  pollycrystalline  in  nature.  At  no  time 
were  any  ordered  LEED  patterns  observable. 


(b)  Silver  (Ag) 

Current  voltage  measurements  on  silver-vacuum  cleaved 
CdTe  produced  different  behaviour  from  that  observed  for 
Au-CdTe  systems.  I  -  V  showed  that  even  at  high  bias  (>1.0V) 
there  was  exhibited  very  little  or  no  rectification  and 
a  linear  voltage  current  relationship  was  observed  indicating 


the  presence  of  a  very  low  (<0.1eV)  barrier  or  ohmic  contact 
The  resulting  "barrier"  was  too  low  to  be  measured  by  C  -  V 
methods . 

These  observations  were  checked  by  evaporation  of 
silver  and  gold  contacts  side  by  side  onto  the  same  vacuum 
cleaved  CdTe  surface.  Where  Au  produced  barriers  as 
measured  by  I  -  V  and  C  -  V,  of  ~0.96eV  silver  produced  very 
low  or  ohmic  contacts.  UPS  measurements  confirmed  this 
observation.  The  spectra,  shown  in  fig.  1.5,  show  that  as 
the  silver  is  progressively  deposited  onto  the  CdTe  surface 
no  movement  of  the  prominent  Cd  4d  levels  occurs  to  a  higher 
or  lower  binding  energy.  This  concurs  with  the  I  -  V  and 
C  -  V  results.  The  UPS  results  show  another  important 
occurrence.  That  is  that  even  at  high  Ag  overlayer  thicknes 

o 

O50A)  emissions  from  the  Cd  4d  orbitals  are  still  seen 
while  those  at  lower  binding  energy,  due  to  the  Te  valence 
levels  are  not  apparent  in  the  spectra.  This  then  begs  the 
question.  How  abrupt  is  this  interface? 

To  probe  this  further  AES  and  XPS  deposition  profiles 
were  obtained  during  the  formation  of  such  Ag-CdTe  inter¬ 
faces.  These  are  presented  in  fig.  1.6.  XPS  shows  that 

O 

even  after  deposition  of  more  than  50A  of  Ag  some  Cd  is 
still  evident  in  the  metal  overlayer.  While  Te  is  lost 
from  the  probing  depth  of  the  technique  at  relatively  thin 
metal  overlayer  coverages.  Slight  bombardment  of  the 
thicker  Ag  overlayer  with  argon  ions  showed  that  the  excess 
cadmium  is  incorporated  within  the  silver  rather  than  on 
its  outer  surface. 

In  contrast  to  the  XPS  investigations,  AES  studies 
produced  contrasting  results  as  can  be  seen  from  fig.  1.6. 
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(  1  HO  surface  of  CdTe  as  measured  by  (a)  XPS,  (b)  AES. 
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clearly  the  interfacial  mixing  process  is  being  severely 

influenced  by  the  incident  electron  beam  used  in  the  Auger 

technique.  This  bears  out  the  observations  of  the  electron 

beam  induced  disorder  observed  for  the  vacuum  cleaved  CdTe 
f  26 

surtace  .  Clearly  the  emitted  currents 

induced  during  XPS,  of  the  order  of  10-10A,  do  not  seem  to 
influence  the  stoichiometry  of  the  surface.  These  observations 
underline  the  great  need  for  care  in  the  application  of 
methods  and  interpretation  of  results  on  materials,  like 
CdTe,  where  incident  electron  beams  are  used. 

LEED  showed  the  thick  silver  film  to  be  polycrystalline. 

(c  )  Aluminium  (Al) 

Current  voltage  characteristics  of  Al-vacuum  cleaved 
CdTe  interfaces  showed  behaviour  verv  similar  to  that  of 
Ag-vacuum  cleaved  CdTe  interfaces  i.e.  very  low  barrier 
(cO.leV)  or  ohmic  in  nature.  No  rectification  was  seen  in 
the  I  -  V  characteristics  even  up  to  a  bias  of  1.5V.  These 
observations  were  also  checked  by  evaporation  of  Al  contacts 
and  Au  contacts  onto  thesame  vacuum  cleaved  surface  of  CdTe. 

Au  contacts  produced  typically  barriers  of  '0.96eV  yet  all 
the  Al  contacts  proved  to  be  ohmic. 

An  UPS  investigation  of  the  formation  of  Al-vacuum 
cleaved  CdTe  interfaces  produced  an  as  yet  previously  unseen 
type  of  behaviour.  The  spectra  are  shown  in  fig.  1.7. 

Upon  deposition  of  Al  several  things  of  note  happen:  i)  at 
very  low  Al  coverage,  before  any  modification  of  emission 
in  the  valence  band  region  occurs  all  features  in  the 
spectrum  due  to  CdTe  shift  to  higher  binding  energies  by 
-0.2eV.  ii)  as  the  Al  coverage  is  increased  so  the  features 
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ENERGY  lev] 

Fip  1:7  :  Angle  resolved  spectra  of  the  vacuum  cleaved  (110)  surface  of 
TdTe  with  progressive  deposition  of  A" .  Spectrum  1  is  of  the 
clean  surface  of  CdTe,  spectra  2-8  are  with  the  progressive 
deposition  of  A*’.  Spectra  measured  are  for  normal  emission, 
angle  of  incidence  of  light  =  53°.  hv=21.2eV.  The  new  peak, 

indicated  hv  an  arrow,  appearing  in  spectrum  k  and  subseqtu  nt 

sne'  tru  ‘‘  t"  "fric"  Cd. 


move  back  to  their  original  binding  energies.  iii)  at 

higher  A1  coverage  one  sees  a  new  component  appearing  on 

the  lower  energy  side  of  the  Cd  4d  emissions  by  ~0.6eV.  As 

the  A1  coverage  increases  this  feature  becomes  very  dominant. 

This  new  'Cd'  peak  is  due  to  chemically  shifted  emission 

from  the  Cd  4d  orbitals  of  Cd  which  has  been  removed  from 

the  semiconductor  surface  and  incorporated  in  the  metal 

overlayer.  The  Fermi  level  movement  associated  with  the 

interface  formation  is  summarised  in  fig.  1.15.  It  is  known 

2 

that  A1  can  act  as  a  shallow  donor  in  bulk  CdTe  .  If  one 
assumes  that  if  on  an  initial  indiffusion  of  A1  atoms  into 
the  surface  layers  of  the  CdTe  similar  shallow  donor  levels 
accrue  then  the  initial  behaviour  seen  with  UPS  is  consistent 
with  the  indiffusion  of  A1  to  form  a  highly  n-type  surface 
layer  with  the  Fermi  level  being  located  near  to  the  conduction 
band  edge.  As  the  metal  contact  grows  on  the  surface  then 
charge  transfer  now  occurs  from  these  shallow  donors 
resulting  in  the  Fermi  level  moving  back  down  the  band  gap. 

XPS  deposition  profiles  indicate  a  similar  type  of  behaviour 
as  is  seen  with  UPS.  Initially  both  Cd  and  Te  reduce  at 
about  the  same  rate.  However  at  larger  A1  coverages  the 
emissions  due  to  Cd  increase  compared  to  the  Te  emissions, 
consistent  with  the  out  diffusion  of  the  Cd  atoms  (see 
fig.  1.8). 

LEED  investigations  of  the  thick  A1  film  at  no  time 
showed  a  recognisable  pattern  indicating  that  the  metal 
overlayer  was  polycrystalline. 
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PEAK  HE  I  G  HT  [normalised] 


(d)  COPPER  (Cu) 


I  -  V  and  C  -  V  measurements  of  Cu-vacuum  cleaved 
CdTe  Schottky  barriers  yielded  barrier  heights  of  0.43eV  to 
0.46eV.  I  -  V  produced  barriers  generally  of  the  order 
0.43eV  to  0.44eV  with  n  values  of  -1.0S  to  1.1.  Rectification 
at  0.5V  was  '100-200.  C  -  V  measurements  produced  barriers 
typically  slightly  higher  than  the  I  -  V  measurements  at 
0.44eV  to  0,46eV.  The  slope  of  the  C~*/V  plots  were  fairly 
linear  indicative  of  a  uniform  doping  profile  in  the  semi¬ 
conductor  . 

UPS  measurements  taken  for  deposition  of  Cu  on  vacuum 
cleaved  CdTe  are  presented  in  fig.  1.9.  Two  main  occurrences 
are  important  here.  Firstly  all  the  peaks  in  the  spectra 
appear  to  shift  to  lower  binding  energies  by  -0.2eV  as  the 
copper  overlayer  is  gradually  built-up.  Assuming,  as  in  the 
case  of  Au ,  that  the  bands  near  the  atomically  clean  surface 
are  flat,  then  this  may  be  interpreted  as  a  movement  of  the 
Fermi  level  at  the  surface  of  the  CdTe  down  the  gap  away 
from  the  conduction  band  by  ~0.2eV,  consistent  with  the 
formation  of  a  Schottky  barrier,  as  measured  by  I  -  V  and 
C  -  V  of  -0.45eV.  Secondly  the  appearance  at  a  binding 
energy  of  ~10.3eV  i.e.  '0.6eV  down  from  the  Cd  4d  position 
in  CdTe,  at  high  metal  overlayer  thickness  of  a  small  peak 
due  to  Cd  atoms  from  the  CdTe  substrate  being  incorporated 
within  the  Cu  overlayer.  The  emissions  from  the  Cu  mask 
the  positions  of  the  Te  valence  levels,  and  as  no  core  levels 
of  Te  are  accessible  by  UPS  it  is  necessary  to  use  XPS  to 
ascertain  the  fate  of  Te  in  this  interface  system.  The  XPS 
deposition  profile  shown  in  fig.  1.10  shows  that  for 
deposition  of  a  Cu  overlayer  greater  than  the  probing  depth 
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Angle  resolved  photoelectron  spectra  for  vacuum  i leaved  (110) 
surf.ee  of  CdTe  with  controlled  evaporation  of  copper. 
Spectrin:-  1  is  the  clean  surface  of  CdTe.  Spectra  2-4  are  for 
progrt o  ive  depositions  of  copper.  Spectra  measured  are  for 
norr.i  mission.  Angle  of  incidence  of  light  «  55°; 


of  the  spectrometer  ('20A°)  one  still  observes  the  presence 
of  both  Cd  and  Te  in  the  metal  overlayer  indicating  that 
this  interface  is  very  far  from  being  atomically  abrupt  and 
indeed  the  interface  region  extends  over  many  tens  of 
angstroms . 

LEED  indicates  that  the  Cu  overlayer  is  polycrystalline. 

fe )  Indium  (In) 

Cur  rent -voltage  measurements  on  indium-vacuum  cleaved 
CdTe  contacts  showed  very  low  barrier  (<0.1eV)  or  ohmic 
contact  behaviour.  An  observation  that  concurred  well  with 
the  band  bending  conclusions  from  the  UPS  spectra.  These 
spectra  are  shown  in  fig.  1.11.  It  should  be  noted  that 
the  actual  binding  energies  of  the  levels  in  the  spectrum 
changed,  in  a  manner  similar  to  that  observed  for  A1 ,  as 
the  In  overlayer  was  built-up.  On  deposition  of  small 
fractions  of  a  monolayer  of  In  the  whole  photoemission 
spectrum  of  CdTe  moves  to  a  higher  binding  energy  by  ~0.2eV 
consistent  with  a  shift  of  the  Fermi  level  at  the  surface 
towards  the  conduction  band  by  ~0.2eV.  As  the  In  overlayer 
builds  up  into  a  continuous  film  the  features  in  the  spectrum 

experience  a  move  back  to  their  original  binding  energies. 

2 

The  behaviour  of  In  in  bulk  CdTe  is  well  documented  .  In  is 
known  to  behave  as  a  shallow  donor  in  bulk  CdTe  producing 
levels  at  Ec-0.014eV.  The  UPS  observations  then  are 
consistent  with  an  initial  indiffusion  of  In  atoms  which 
form  these  shallow  donor  levels  at  the  CdTe  surface  resulting 
in  a  movement  of  the  Fermi  level  at  the  surface  near  to  the 
conduction  band.  Once  the  In  metal  overlayer  builds  up, 
charge  transfer  occurs  from  these  levels  to  the  metal  and 
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the  Fermi  level  moves  back  to  its  original  position.  The 
UPS  spectra  show  no  sign  of  any  Cd  in  any  other  form  than 
that  of  CdTe. 

XPS  investigations  of  this  system  show  that  both  Cd 
and  Te  reduce  in  intensity  at  the  same  rate  as  the  metal 
overlayer  builds  up.  However  both  species  are  still 
evident  in  the  spectra  after  an  In  thickness  greater  than 
the  XPS  probing  depth  has  been  deposited.  LEED  patterns 
from  the  metal  overlayer  were  not  observed  and  it  may  thus 
be  concluded  that  the  metal  overlayer  is  polycrystalline. 

Hence  UPS  and  XPS  would  both  indicate  that  the  In-CdTe 
interfaces  are  also  far  from  being  abrupt  with  indiffusion 
of  In  being  prevalent. 

(f)  TIN  (Sn) 

Current  voltage  and  capacitance  voltage  measurements 
of  tin-vacuum  cleaved  CdTe  Schottky  barriers  yielded  barrier 
heights  in  the  0.4  to  0.44eV  range.  I  -  V  measurements  on 
several  diodes  produced  barrier  heights  varying  from  0.40eV 
to  0.43eV  with  n  values  of  1.1  to  1.3.  Rectification,  at  a 
bias  of  0.5V,  was  typically  of  the  order  of  102  to  3  x  102 
C  -  V  values  for  0b  were  usually  slightly  higher  than  I  -  V 
measurements  with  typical  values  being  0.42eV  to  0.44eV. 

UPS  measurements  during  the  formation  of  a  tin-vacuum 
cleaved  CdTe  interface  produced  a  unique  behaviour  pattern. 
This  is  reflected  in  fig.  1 .15  where  the  Fermi  level 
behaviour  is  monitored  as  a  function  of  metal  coverage.  The 
actual  UPS  spectra  are  shown- in  fig.  1.12.  Two  main  things 
happen  as  the  tin  is  deposited  onto  the  CdTe  surface. 
Firstly,  following  the  deposition  of  small  fractions  of  a 
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Anale  resolved  photoelectron  spectra  for  the  deposition  S 
orti  the  vacuum  cleaved  (110)  surface  of  Cdle.  Spectra  I  is 
thi  clean  (110)  surface,  spectra  2-8  are  for  tin  suhsequ.nt 
di  position-.  Spectra  shown  are  for  norm  (1  iri"ira,  ancl. 
in  .1.  tic*  o'  1  i  eht  '  S'- ,  h  v=  2 1 . 2e\  .  1 1  .  '  ■  .  •  line  s  , 

t  h'  position  o'  t  i  >  '  d  .  ■  emissions  wit  t  -p.  .  t  t .  the  I  ,  r  1 
lev.  i  at  i  ii'ic",.-  t.  .  of  thi  inter!  .  r-at  i  e. 


monolayer  of  Sn  onto  the  CdTe  surface  all  features  in  the 

spectrum  experience  a  shift  to  higher  binding  energy  by 

'0.2eV,  consistent  with  a  shift  of  the  Fermi  level  at  the 

semiconductor  surface  towards  the  conduction  band  by  '0.2eV. 

However  as  the  tin  overlayer  develops  into  a  continuous  film 

on  the  surface  the  features  in  the  spectrum  experience  a 

move  to  lower  binding  energy.  The  movement  of  the  features 

stops  at  a  position  ~0.3eV  lower  in  binding  energy  than  the 

binding  energies  of  the  clean  CdTe,  with  the  assumed  flat 

band  condition.  This  indicates  that  for  a  thick  Sn  overlayer 

band  bending  of  '0.3eV  has  occurred,  a  result  which  is  in 

agreement  with  the  I  -  V  and  C  -  V  measurements  of  Schottky 

barrier  height.  The  behaviour  of  Sn  as  a  dopant  in  CdTe 

is  very  uncertain.  Unlike  In  and  A1 ,  which  are  known  to 

2 

produce  shallow  donors  in  bulk  CdTe  at  Ec-0.014eV,  the 
energy  levels  associated  with  Sn  are  not  well  documented. 

Sn  is  known  to  behave  amphoter ical ly  in  CdTe  depending  on 
whether  it  substitutes  for  a  Te  or  Cd  atom^ .  If  one  assumes 
that  it  behaves  as  a  shallow  donor  then  the  observation  of 
the  Fermi  level  movement  towards  the  conduction  band  on 
deposition  of  fractions  of  a  monolayer  of  Sn  can  be  attributed 
to  the  formation  of  shallow  donors  due  to  indiffusion  of  the 
Sn  atoms.  As  the  Sn  overlayer  builds  up  on  the  surface 
charge  transfer  to  the  Sn  from  these  shallow  donors  occurs, 
resulting  in  the  Fermi  level  moving  back  down  the  gap  by  '0.5eV 
consistent  with  the  Schottky  model  of  Schottky  barrier 
formation.  No  free  Cd  or  Te  was  seen  by  UPS.  An  observation 
which  was  corroborated  by  XPS,  which  showed  the  reduction  in 
Te  and  Cd  presence  within  the  probing  depth  of  the  XPS  at  an 
equal  and  consistent  rate.  LEED  showed  the  Sn  overlayer  to 
be  polycrystalline. 
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(g)  Nickel  ( Ni 3 


I  -  V  and  C  -  V  measurements  on  nicke 1 -vacuum  cleaved 
CdTe  surfaces  yielded  Schottky  barrier  heights  of  0.4eV. 

I  -  V  gave  a  range  of  values  of  0.38eV  to  -0.41eV  with  n 
values  of  -1.1  to  1.3.  Rectification  values  of  -80-120  were 
recorded  for  a  bias  of  O.SV.  C  -  V  measurements  produced 
barriers  of  0.4eV  with  fairly  linear  plots  indicating  a 
fairly  uniform  doping  profile  within  the  CdTe  surface, 
figure  1.13  illustrates  the  deposition  of  Ni  on  (110)  CdTe 
as  observed  by  UPS.  Spectrum  1  is  of  the  vacuum  cleaved 
surface  of  CdTe.  Subsequent  spectra  show  that  as  the  Ni  is 
deposited  several  things  happen.  Firstly  all  features 
corresponding  to  emission  from  CdTe  shift  to  lower  binding 
energies  by  -0.4eV  as  the  Schottky  barrier  forms,  an 
observation  consistent  with  I  -  V  and  C  -  V.  Secondly  the 
emission  in  the  valence  band  region  is  modified  as  emission 
from  the  Ni  become  dominant.  Thirdly  the  emission  corres¬ 
ponding  to  the  Cd  4d  levels  is  split  with  a  new  component 
appearing  at  a  binding  energy  smaller  than  the  binding 
energy  of  Cd  in  CdTe,  by  ~0.6eV.  This  is  from  Cd  atone 
removed  from  the  CdTe  and  being  incorporated  in  the  Ni  over¬ 
layer.  This  observation  is  given  credence  by  the  deposition 
profile  as  measured  by  XPS,  figure  1.14.  This  shows  a 
considerable  Cd  presence  in  the  metal  overlayer  even  after 
deposition  of  a  thick  (>50A)  film  of  Ni. 

The  barrier  behaviour  of  the  various  metal-vacuum 
cleaved  CdTe  interfaces  studied  here  are  summarised  in 
table  1.1. 
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Angle  resolved  photoelectron  spectra  of  the  vacuum  r  It  a  veil  1 
surface  of  n-CdTe  with  controlled  emission  of  Ni .  Spectra 
shown  are  for  normal  emission;  hv=21.2eV;  angle  of  ir.,  idir 
of  licht  -55c.  Spectrum  1  is  of  the  vacuum  cleaved  CdTe 
surf. Ki.  Spectra  2-4  are  for  the  vacuum  cleaved  surfaci  wit! 
progressive  Si  depositions.  The  peak  appearing  in  spectra 
!-«.  -rV.  '  v  ith  an  arrow,  is  due  to  "free"  Cd . 


2 :  (ii)THE  AIR  CLEAVED  Cl  10)  SURFACE  OF  CdTe 
(a )  GOLD  (Au) 

I  -  V  and  C  -  V  measurements  on  gold  contacts  made  to 
air  cleaved  CdTe  showed  the  presence  of  Schottkv  barriers  of 
height  ~1.1eV  :  I  -  V  measurements  typically  ranged  from 
0.98eV  to  l.leV  with  n  values  typically  1.0  to  1.5. 
Rectification  at  0.3V  bias  was  typically  105  to  2  x  105.  A 
typical  I  -  V  profile  is  shown  in  fig.  1.16.  C  -  V  measure¬ 
ments  produced  very  linear  C~2  against  V  plots,  see  fig.  1.17, 
with  barrier  heights  ranging  from  1.0  to  I.ISeV.  UPS  was 
not  used  to  monitor  the  deposition  mechanism  as  the 
information  available  from  the  UPS  spectrum  of  the  air  cleaved 
(110)  face  of  CdTe  is  not  sufficient  to  enable  peak  heights 
and  positions  to  be  accurately  monitored. 

Deposition  mechanisms  were  monitored  however  using  XPS. 

A  deposition  profile  for  Au  on  air  cleaved  CdTe  is  shown  in 
fig.  1.18.  This  shows  that  as  the  Au  film  builds  up  on  the 
surface  both  Cd  and  Te  emissions  diminish.  However  soon  Cd 
is  lost  from  the  spectrum  and  Te  remains  in  the  surface 
layer  even  after  the  evaporation  of  a  thick  Au  film.  Argon 
ion  bombardment  of  this  thick  Au  overlayer  showed  that  the 
Te  was  incorporated  in  the  Au  overlayer. 

No  identifiable  LEED  pattern  was  identified  for  the 
thick  Au  film  indicating  that  the  overlayer  is  polycry¬ 
stalline  in  nature. 

(b)  SILVER  (Ag) 

I  -  V  and  C  -  V  measurements  on  the  silver-air  cleaved 
CdTe  system  showed  marked  differences  in  behaviour  to  Ag 
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:  Deposition  profile  of  Au  depositing  onto  the  j 1 r 
cleaved  (110)  surface  of  n-CdTe  as  measured  In  M’S 

■  =  Au;  •  •  le;  X  *  Cd. 


contacts  on  the  atomically  clean  vacuum  cleaved  surface. 
Whereas  on  the  vacuum  cleaved  surface  ohmic  contacts  were 
produced,  the  effect  of  the  oxide  layer,  produced  by  exposure 
of  the  CdTe  to  air  prior  to  metal  deposition,  is  to  produce 
Schottky  barriers  of  ~0.S3eV.  I  -  V  measurements  produced 
barrier  heights  ranging  from  O.SeV  to  O.S7eV,  with  n  values 
typically  1.0  to  1.15.  Rectification  at  a  bias  of  0.5V  was 
typically  5  x  102  to  103.  C  -  V  measurements  produced 
barriers  within  the  range  0.53eV  to  0.5SeV  with  very  linear 
c_i  versus  V  plots. 

An  XPS  deposition  profile  is  shown  in  fig.  1.19.  This 
shows  a  similar  set  of  events  to  that  seen  with  the 
formation  of  Au  -  air  cleaved  CdTe  interface.  Initially  as 
the  Ag  overlayer  builds  up  so  the  emissions  from  Cd  and  Te 
diminish  at  approximately  the  same  rate.  However  it  is 
evident  that  Cd  emissions  disappear  from  the  spectra  while 
those  due  to  Te  do  not.  Even  at  thick  Ag  overlayer  coverage 
there  is  still  evidence  of  Te  being  incorporated  within  the 
Ag  overlayer.  An  observation  confirmed  by  argon  ion  bom¬ 
bardment  of  the  surface.  LEED  showed  the  metallic  overlayer 
to  be  polycrystalline. 

(c )  ALUMINIUM  (Al) 

Typical  I  -  V  and  C  -  V  measurements  of  an  Al-air 
cleaved  CdTe  Schottky  barrier  are  shown  in  figs.  1.20  and 
1.21.  I  -  V  measurements  showed  barriers  present  of  height 
0.90eV  to  0.93eV  with  n  values  of  1.4  to  1.5.  Rectification, 
at  a  bias  of  0.3V  was  typically  of  the  order  of  200  to  500. 

C  -  V  measurements  produced  very  linear  C-2  versus  V  plots 
with  0b  ranging  from  0.92eV  to  I.OeV.  The  majority  of 
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diodes  however  exhibited  barriers  of  height  around  0.93eV. 

An  XPS  deposition  profile  is  shown  in  fig.  1.22.  This  shows 
that  as  the  A1  is  laid  down  so  the  emissions  due  to  Cd  and 
Te  both  diminish  at  a  roughly  equivalent  rate.  This 
behaviour  is  different  to  the  behaviour  patterns  identified 
for  A1  on  vacuum  cleaved  surfaces.  The  relevance  of  this 
to  the  differences  in  Schottky  barrier  heights  will  be 
discussed  later.  LEED  showed  the  A1  overlayer  to  be  poly¬ 
crystal  1  ine . 

(d)  COPPER  (Cu) 

I  -  V  and  C  -  V  measurements  produced  conflicting 
results.  I  -  V  measurements  produced  barriers  of  0.53eV  to 
0.65eV  with  n  values  ranging  from  1.01  to  1.2.  Rectification 
at  a  bias  of  O.SV  was  typically  10*  to  3  x  10*.  C  -  V 
however  produced  fairly  linear  C-J  versus  V  plots  yielding 
barriers  ranging  from  0.60eV  to  0.69eV. 

(e)  INDIUM  (In) 

Indium  on  air  cleaved  CdTe  produced  good  agreement 
between  I  -  V  and  C  -  V  measurements.  I  -  V  typically 
produced  barriers  of  height  0.51eV  to  0.55eV  with  n  in  the 
range  1.7  to  1.9.  C  -  V  measurements  produced  fairly  linear 
C“*  versus  V  plots  yielding  barriers  of  height  0.52eV  to 
0. S7eV. 

(f)  TIN  (Sn) 

Tin  on  air  cleaved  CdTe  produced  barriers  as  measured 
by  I  -  V  techniques  of  ~0.60eV  with  n  values  1.4  to  1.6 
typically.  C  -  V  measurements  produced  barrier  heights  of 
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'0.58eV  to  .64eV  with  fairly  linear  C"2  versus  V  plots. 

(g)  NICKEL  (Nil 

I  -  V  measurements  of  Ni-air  cleaved  CdTe  interfaces 
yielded  barrier  heights  of  0.55eV  to  0.65eV  with  n  values 
typically  1.02  to  1.2.  Rectification,  at  0.5V,  was  typically 
102  -  105.  C  -  V  measurements  produced  barriers  of  0.55eV 
to  0.6SeV  with  linear  C-*  versus  V  plots.  An  XPS  deposition 
profile  is  shown  in  fig.  1.23.  Initially  both  Cd  and  Te 
emissions  reduce  at  roughly  the  same  rate.  At  higher  Ni 
coverage,  however,  one  sees  the  Cd  emission  reaching  a  point 
of  stability  while  the  Te  emissions  continue  to  diminsih. 

At  high  coverage  of  Ni  (>50A°)  both  Te  and  Cd  emissions  are 
seen  in  the  metal  overlayer  indicating  considerable  inter¬ 
mixing  of  the  CdTe,  oxide  and  Ni  species. 

(hi  PLATINUM  (Pt) 

I  -  V  and  C  -  V  measurements  on  Pt-air  cleaved  CdTe 
interfaces  yielded  barriers  greater  than  leV.  I  -  V  produced 
barriers  in  the  range  l.OleV  to  l.leV  with  high  n  values  of 
1.2  to  1.7.  Rectification  at  0.5V  was  -105.  C  -  V  produced 
fairly  linear  l/CJ  versus  V  plots  yielding  barriers  of 
height  1.29  to  1.33eV. 

( i)  Summary  of  Results  of  Various  Metals  on  Air  Cleaved  CdTe 
From  the  results  presented  above  it  is  clear  that  the 
introduction  of  an  oxide  layer  between  the  metal  contact  and 
the  clean  CdTe  has  severely  modified  the  Schottky  barrier 
behaviour.  For  all  metals  studied  the  Schottky  barriers  are 
increased  when  an  oxide  layer  is  present  between  the  clean 
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CdTe  surface  and  the  deposited  metals.  However  the  increases 
in  Schottky  barrier  heights  are  not  all  of  the  same  magnitude. 
The  barrier  heights  for  the  various  metal-vacuum  cleaved 
surface  and  the  various  metal  air  cleaved  surface  are 
presented  in  table  1.2. 

From  table  1.2  it  is  immediately  obvious  that  the  use  of 
an  interlayer  between  the  metal  and  semiconductor  has  a 
marked  effect  on  the  Schottky  barrier  behaviour.  It  is  of 
interest  then  to  speculate  about  using  interlayers  between 
the  metal  and  semiconductor  to  control  the  Schottky  barrier 
height.  To  this  end  we  have  used  interlayers  of  variable 
thickness  to  modify  the  Schottky  barrier.  However  as  it  is 
not  really  possible  to  accurately  measure  oxide  thicknesses 
during  formation  it  was  decided  to  use  interlayers  of  the 
reactive  metal  A1  between  vacuum  cleaved  surfaces  of  CdTe 
and  An  contacts.  A1  was  chosen  because  thick  A1  films  on 
vacuum  cleaved  CdTe  produce  ohmic  contacts,  Au  was  chosen  as 
it  produces  consistently  high  Schottky  barriers  of  ~0.96eV. 

The  results  of  these  investigations  are  presented  below: 

l:2:Qii)  The  Use  of  Reactive  Interlayers  of  A1  between  the  CdTe 
Surface  and  the  Au  contact 

Fig.  1.24  shows  the  I  -  V  characteristics  of  diodes 
prepared  with  various  A1  interlayer  thicknesses.  The 

o  o 

thickness  of  the  A1  interlayer  was  varied  from  OA  to  5A  of 
Al.  However  the  results  shown  here  are  for  the  interlayer 

o  o 

thicknesses  0.8A  and  2A.  Also  shown  for  comparison  are 
the  I  -  V  characteristics  of  an  Al-vacuum  cleaved  CdTe  diode 
and  a  Au-vacuum  cleaved  CdTe  diode.  This  diagram  shows  that 

o 

by  having  as  little  as  2A  of  Al  between  the  vacuum  cleaved 
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(110)  surface  of  CdTe  and  the  Au  contact,  the  Schottky 
barrier  behaviour  has  been  drastically  changed  from  a 
barrier  of  0.96eV  to  an  ohmic  or  very  low  barrier  contact. 

At  lower  A1  interlayer  thickness,  0.8A,  one  still  sees  an 
appreciable  Schottky  barrier  although  the  I  -  V  value  of 
barrier  height  is  reduced  from  the  barrier  height  of  a 

simple  Au-vacuum  cleaved  CdTe  diode  to  0.62eV.  : 

I 

t 

I 

I 


i _ - 


1:3  DISCUSSION 

The  above  results  indicate  that,  in  general,  good 
agreement  between  Schottky  barrier  heights  as  measured  by 
the  traditional  I  -  V  and  C  -  V  techniques  and  by  the  band 
bending  observed  by  UPS  has  been  achieved  for  the  metal- 
vacuum  cleaved  CdTe  systems.  It  has  been  shown  that  the 
type  of  Schottky  barrier  behaviour  observed  on  CdTe  is  very 
dependant  on  both  the  metal  and  on  the  nature  of  the  CdTe 
surface.  It  has  been  shown  that  for  many  of  the  metal-CdTe 
interface  systems  examined  the  interfaces  are  not  abrupt 
with  interface  widths  in  some  cases,  being  wide.  It  has 
been  shown  that  the  CdTe  surface  is  particularly  unstable 
with  respect  to  electron  beams.  When  I.EED,  with  a  primary 
beam  current  of  less  than  1  x  10'6A  at  -100V,  is  used  the 
diffraction  features  are  only  visible  for  a  short  period  of 
time.  After  this  period  of  time,  which  may  only  be  30s,  the 
LEED  features  become  invisible  in  a  rapidly  growing  diffuse 
background.  The  disordering  caused  by  the  electron  beam  used 
in  AES  has  been  shown  to  lead  to  a  considerable  shift  of  the 
Fermi  level  at  the  CdTe  surface,  pinning  it,  for  an  n-type 
crystal,  in  the  lower  part  of  the  band  gap.  This  shift  has 
been  measured  at  up  to  0.6eV.  The  most  likely  reason  for 
this  disordering  is  localised  electron  beam  induced  heating 
of  the  CdTe  surface  on  account  of  the  extremely  low  thermal 
conductivity  of  CdTe  (0 . 058W. cm’ ldeg" 1  at  32  .  7°C) 4  This 
immediately  gives  rise  to  the  problem  of  studying  ordered 
surfaces  of  low  thermal  conductivity  using  incident  electron 
techniques,  and  goes  some  way  to  explaining  the  differences 
seen  in  deposition  profiles  of  the  formation  of  various 
metal-CdTe  interfaces  as  monitored  by  AES  and  XPS.  The 
validity  of  the  assumption  that,  for  CdTe,  XPS  deposition 
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protiles  more  truly  reflected  the  formation  picture  than  AliS 
is  confirmed. 


It  has  become  evident  that  one  of  the  main  differences 
between  the  behaviour  of  metals  on  vacuum  cleaved  CdTe  and 
other  semiconductor  compounds  is  on  the  rate  of  the  develop¬ 
ment  o!  the  Schottky  harrier.  If  one  compares  the  formation 
>'•!  C'U;  .  nr  tacts  to  (idle  and  the  III  -  V  compound  C.aAs  this 
d  1  i  i'e  r  .  ov'e  in  behaviour  is  illustrated.  For  GaAs  the  Schottky 
barrier  is  largely  formed  at  a  coverage  of  20"  of  a  mono- 
layer'  .  For  t.'dTe  this  is  certainly  not  the  case  and  much 
higher  metal  coverages  are  needed  to  produce  the  maximum 
shit  t  m  the  Fermi  level  at  the  surface. 

From  the  results  presented  above  on  metal  vacuum 
cleaved  CdTe  systems  it  is  clear  that  the  interfaces  are  not 
atomically  abrupt  and  that  in  some  cases  interface  widths 
can  be  considerable,  an  observation  that  was  made  for  the 
related  If  -  Vf  compounds  CdS  and  CdSe  by  Brucker  and 
Brillson^.  As  such  the  relevance  of  theories  to  this  system 
which  assume  that  interfaces  between  the  metals  and  semi¬ 
conductor  surfaces  are  abrupt  must  be  in  question. 

Chemical  processes  that  occur  at  these  interfaces  must 
play  a  role  in  the  ultimate  determinat ion  of  the  Schottky 
barrier  behaviour.  The  results  have  shown  that  different 
metals  produce  different  deposition  profiles.  So  it  will  be 
of  considerable  interest  to  consider  the  role  played  by 
chemical  effects  at  these  interfaces. 

Brillson7  noticed  a  relat ionship  between  the 
heat  of  reaction  (AH^)  of  a  metal  with  the  semiconductor 
material  and  the  Schottky  barrier  height  for  a  range  of 
systems.  A  critical 
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heat  of  reaction,  AH^  ,  appears  to  exist  in  each  system  at 
which  a  transition  from  a  region  of  low  Schottkv  barrier 
behaviour  to  higher  Schottkv  barrier  behaviour  occurs.  In 
figure  1.25  the  heat  of  reaction  of  various  metals  with  C.dfe 
is  plotted  against  the  Schottkv  barrier  height.  The  heats 
of  reaction  are  determined  from  the  reaction: 

M  +  —  CdTe  — ■>  -(MxTel  ♦  ^Cd . 

X  X  X 

from  the  heats  of  formation  ( AH  i  values  of  the  compound 

semiconductor  CdTe  and  the  most  stable  metal  telluride 

product^.  These  values  of  All^  are  normalised  per  metal  atom 

9 

analogous  to  the  AH  ^  calculations  of  Andrews  and  Phillips  . 
From  fig.  1.25  it  does  appear  that  those  metals  with  high 
heats  of  reaction  (greater  than  0 .  .W  metal  atom  I  lead  to 
Schottkv  barriers.  Those  met-is  with  heats  of  reaction  less 
than  this  figure  give  very  low  barrier  or  ohmic  behaviour. 

If  however  one  takes  into  account  the  heat  of  condensation 
of  the  metal  and  introduces  this  to  the  equation  determining 
the  heat  of  reaction  then  the  apparently  simple  relationship 
between  0^  and  AH^  disappears.  The  heats  of  reaction,  for 
the  various  metal  CdTe  systems,  with  and  without  metal 
condensation  effects  are  presented  in  table  1.3.  However  it 
is  not  really  clear  just  how  meaningful  the  heat  of 
condensation  is  in  these  systems  as  the  results,  particularly 
UPS  and  XPS  has  indicated  that  in  many  cases  the  metal 
does  not  simply  condense  into  a  metallic  overlayer  on 
impinging  on  the  CdTe  surface.  Some  e.g.  In,  A1  may  in- 
diffuse  while  in  other  systems  Cd  outdiffuses  into  the 
forming  metallic  overlayer  thus  complicating  the  calculations. 

More  recently  Brillson^  has  shown  that  for  the  III  -  V 
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Fip.  1.25:  Barrier  heights  (0  )  correlated  to  heats  of  reaction 

D 

(J  )  for  various  metal  contacts  to  the  vacuum 
R 

cleaved  (110)  surface  of  n-CdTe.  •  heats  of 
reaction  of  metal  ♦  CdTe  substrate  x  heats  of 
reaction  of  metal  +  CdTe  substrate  »ith  the  heat 
of  metal  condensation  included. 
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compound  semiconductors  that  the  most  reactive  metals,  those 
with  negative  heats  of  reaction,  form  the  most  abrupt  inter¬ 
faces,  whereas  those  with  positive  heats  of  reaction  produce 
interface  widths  many  angstroms  wide.  As  most  of  the  metals 
investigated  by  us  on  CdTe  have  positive  heats  of  reaction, 
the  exceptions  being  In  and  A1  which  have  slightly  negative 
heats  of  reaction,  then  the  fact  that  the  interfaces  between 
the  metals  and  the  CdTe  are  not  abrupt  is  consistent  with 
Brillson's  observations. 

For  metals  on  vacuum  cleaved  CdTe  the  results  can  be 
evaluated  and  summarised  as  follows.  For  low  work  function 
metals  (0m<4.3eV)  the  Schottky  barrier  height  is  less  than 
O.leV  regardless  of  whether  there  is  Cd  outdiffusion  onto 
the  metal  contact.  For  metals  of  larger  work  function,  with 
the  exception  of  Ni ,  the  Schottky  barriers  formed  are  in 
rough  accordance  with  the  linear  interface  potential  model  in 
the  Schottky  limit  “ .  As  was  indicated  previously,  in  many 
studies  of  metal  semiconductor  systems  workers  have  attempted 
to  interpret  the  way  in  which  S,  the  index  of  interface 
behaviour  varies  from  one  metal  semiconductor  system  to 
another  and  in  particular  the  sharp  transition  in  values  of 
S,  which  seems  to  be  near  to  zero  for  metals  on  covalent 
semiconductors  and  close  to  unity  for  metals  on  ionic  semi¬ 
conductors.  S  is  obtained  from  the  dependance  of  barrier 
height,  0^  on  the  metal  work  function  0m  using  a  relationship 
of  the  form' 

0b  =  S(0m  -  0sc)  +  C 
13  17 

Kurtinet  al.  and  later  Schluter  ,  in  surveys  of  the 
various  systems  report  a  value  of  S  for  CdTe  of  ~0.2. 


so 


This  is  a  somewhat  surprising  value  in  view  of  the  ionic 

nature  of  CdTe.  As  table  1.1  and  fig. 1.26  show,  the  barrier 

heights  on  vacuum  cleaved  CdTe  surfaces  shows  a  relatively 

linear  dependence  on  the  metal  work  function.  The  exception 

being  the  Ni  -  CdTe  system  which  will  be  discussed  below. 

If  as  has  been  reported  ’  the  value  of  S  for  CdTe  is  low 

at  '0.2  then  one  would  expect  very  little  scaling  of  (lb  with 

0  .  The  results  here  show  that,  with  the  exception  of  the  Ni¬ 
ro 

vacuum  cleaved  CdTe  system,  metal-vacuum  cleaved  CdTe 
systems  do  adhere  relatively  well  to  the  Schottky  model  of 
Schottky  barrier  behaviour  with  a  value  of  S,  the  index  of 
interface  behaviour  close  to  unity.  The  Ni-CdTe  system  is 
not  consistent  with  this  behaviour,  as  fig.  1.26  shows. 

Here  the  Fermi  level  at  the  surface  appears  pinned  at  -O.SeV 
below  the  conduction  band,  an  observation  which  suggests 
that  a  combination  of  cadmium  outdiffusion  and  a  high  work 
function  metal  leads  to  the  presence  of  states  at  the  inter¬ 
face  which  effectively  prevent  the  Fermi  level  at  the  semi¬ 
conductor  surface  from  shifting  further  than  0.5cV  below 
the  conduction  band  edge.  It  is  of  interest  to  question  the 
nature  of  the  defects  which  could  cause  these  states  to  be 
present.  It  has  been  suggested  that  for  the  metal  III  -  V 
systems  neutral  anion  and  cation  vacancies  play  an  important 
role  and  that  the  resultant  barriers  can  be  related  to  an 
excess  of  anions  or  cations  incorporated  in  the  metal 
electrode.  Clearly  for  several  of  the  metal  CdTe  systems 
such  types  of  defects  do  appear  to  exist.  It  is  known  that 
the  defect  structure  of  CdTe  is  complex14.  Daw  and  Smith15 
have  calculated,  using  a  tight  binding  approach,  the  defect 
levels  due  to  simple  neutral  anion  and  cation  vacancies  on 
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the  bulk  and  near  the  surface  for  a  range  of  III  -  V  and 
II  -  VI  compound  semiconductors.  For  the  III  -  V  semi¬ 
conductors  the  calculated  levels  fall  within  the  band  gap 
and  there  seems  to  be  a  clear  correlation  between  the  resultant 
Fermi  level  pinning,  Schottky  barrier  formation  and  the 
existence  of  these  defects.  For  CdTe  however  it  seems  that 
the  corresponding  levels  fall  well  outside  the  band  gap  and 
as  such  may  be  ineffective  in  pinning  the  Fermi  level  near 
the  interface  and  thus  in  influencing  the  Schottky  barrier 
formation.  If  however  the  vacancies  are  considered  to  be 
charged  species  rather  than  neutral  ones  a  different  result 
may  ensue.  Several  acceptor  levels  have  been  observed  in  the 
band  gap  of  bulk  CdTe  and  the  assignment  of  causative  species 
to  these  levels  have  been  many.  Comprehensive  lists  of 
these  appear  in  articles  by  Kroger16  and  more  recently  by 
Takebe  et  al.17.  The  levels  within  the  band  gap  which  are 
believed  to  be  correctly  assigned  to  charged  Cd  vacancies 
are  at  Ec  -  0.6eV  to  Ec  -  0.7eV  for  a  doubly  charged  Cd 
vacancy  and  at  E  +  0.05eV  to  E  +  0.06eV  for  a  singly 
charged  vacancy.  If  one  postulated  that  for  the  case  of  the 
Ni-CdTe  system  the  Cd  outdiffusion  led  to  the  presence  of, 
in  a  large  enough  concentration  of,  doubly  charged  Cd 
vacancies  at  the  semiconductor  interface  then  the  resultant 
pinning  of  the  Fermi  level  would  produce  the  Schottky 
barrier  behaviour  seen.  Even  though  Cd  outdiffusion  occurs 
at  other  metal-CdTe  interfaces  e.g.  Al ,  Cu  where  the  metal 
work  function  is  low  the  resulting  energy  levels  generated 
do  not  influence  the  Fermi  level  position.  It  is  of  some 
interest  to  consider  these  postulations  in  the  light  of 

1  Q 

recent  work  by  Kuech  .  In  this  work  the  importance  of  Cd 
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defects  at  the  metal-CdTe  interface  was  recognised.  He 
found  that  the  use  of  Cd/Au  alloys  markedly  affected  the 
barrier  behaviour  seen. 

Introduction  of  oxide  layers  between  the  metal  contact 
and  the  clean  CdTe  surface  modifies  the  Schottky  barrier 
behaviour.  Oxidation  of  the  CdTe  surface  by  exposure  to  air 
at  atmospheric  pressure  for  48  hours  produces  a  TeOs  layer  on 
the  surface  .  For  all  systems  investigated 

the  presence  of  this  oxide  layer  between  the  metal  and  the 
semiconductor  surface  leads  to  increases  in  Schottky  barrier 
heights  (see  fig.  1.26).  It  should  be  noted  however  that 
the  increases  are  not  all  of  the  same  magnitude.  It  is 
possible  that  several  processes  may  contribute  to  this. 
Firstlv,  disruption  of  the  CdTe  surface  by  the  oxidation 
process  may  give  rise  to  some  surface  states  within  the  band 
gap  thus  affecting  the  Fermi  level  at  the  semiconductor 
surface.  Secondly  impingeing  metal  atoms  may  react  chemically 
with  the  surface  TeO^  to  form  metal  oxide  layers  which  may 
lead  to  a  change  in  work  function  of  the  overlaver.  The 
heats  of  reaction  of  the  various  metals  used  with  TeOj  to 
form  the  stable  metal  oxides  have  been  calculated  and  are 
presented  in  table  l.<t  These  show  that  reactions  between 
metals  and  the  Te02  are  energetically  favourable  for  the 
metals  A1 ,  In,  Cu,  Sn  and  Ni.  For  some  of  these  metals  it 
has  been  documented  that  changes  in  work  function  do  occur 
when  the  metals  are  oxidised.  In  1960  Van  Laar  &  Scheer19 
reported  that  exposure  of  indium  metal  to  air  at  atmospheric 

pressure  increases  the  work  function  from  ~4.1eV  to  ~4.6eV. 

20 

In  1960  Anderson  &  Klemperer  reported  that  the  work 
function  of  outgassed  Ni  was  ~5.1eV  but  the  work  function  of 


53 


HAPPIER  HEIGHT  |0 


METAL  WORK  FUNCTION  |P  ] 

m 


Fig.  1  .26:  Plot  of  barrier  height  (0^)  versus  metal  work  function 
(0m)  for  various  metal-vacuum  cleaved  (110)  CdTe  inter¬ 
faces  and  for  various  metal-air  cleaved  (110)  CdTe 
interfaces.  Data  is  taken  from  table  6.2.  •  is  the 

typical  barrier  height  for  the  vacuum  cleaved  surface, 
■is  the  typical  barrier  height  for  the  air  cleaved 
surface.  The  bars  associated  with  the  vacuum  cleaved 
surface  barrier  heights  show  the  range  of  barrier  height 
measured  by  the  methods  of  I-V,  C-V  and  UPS.  The 
electron  affinity  of  CdTe  (.)  is  indicated  on  the  plot 


outgassed  NiO  was  ~5.5eV.  However  more  recently  Benndorf 
2 1 

et  al.  (1980)  have  suggested  that  exposure  of  clean 
Ni  (110)  to  oxygen  resulted  in  island  growth  of  NiO  with  a 
resulting  decrease  in  work  function.  Hence  it  is  difficult 
to  know  exactly  what  work  functions  to  consider  for  the 

overlayers  on  metal-air  cleaved  CdTe  systems. 

22 

Recently  Brucker  and  Brillson  have  investigated 

metal-CdS  and  metal-CdSe  systems  where  ultra  thin  layers  of 

Al  have  been  deposited  between  the  semiconductor  and  the 

Schottky  contact  (Au) .  They  found  that  by  varying  the 

thickness  of  the  Al  interlayer  that  appreciable  modification 

of  the  Schottky  barrier  height  could  be  achieved.  Al  and 

Au  were  chosen  as  metal  contacts  as  they  produce  limiting 

behaviour  in  terms  of  barrier  height  for  CdS  and  CdSe  i.e. 

Al  yields  ohmic  contacts  and  Au  yields  close  to  maximum 
22  23 

barriers  ’  .  They  concluded  that  the  observed  modification 

in  Schottky  barrier  height  was  dependent  on  the  density  of 
metal  induced  surface  states  rather  than  a  qualitative  change 
in  the  nature  of  these  states.  The  results  presented  in 
chapter  1: 2  :(iii)show  a  similar  pattern  of  behaviour  to  those 
seen  by  Brucker  and  Brillson  on  CdS  and  CdSe.  So  the 
question  must  then  be  asked  as  to  whether  a  similar  philos¬ 
ophy  can  be  applied  to  the  results  observed  here  for  thin 
interlayers  of  Al  between  the  CdTe  and  Au  contact.  It  is 
known  that  Al  can  act  as  a  shallow  donor  at  Ec-0.014eV  in 
bulk  n-type  CdTe,  so  that  near  surface  doping  by  incident 
Al  atoms  could  generate  similar  states  at  the  interface.  If 
the  density  of  these  states  is  large  enough  then  a  highly 
n-type  surface  layer  of  CdTe  may  ensue  with  the  Fermi  level 
being  located  very  near  to  the  conduction  band  edge. 
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The  UPS  measurements  taken  during  the  formation  of  an  Al- 
vacuum  cleaved  CdTe  contact  have  shown  that  a  movement  of 
the  Fermi  level  at  the  surface  towards  the  conduction  band  is 
indeed  seen  for  very  small  coverages  of  A1 ,  prior  to  any 
evidence  of  metallic  A1  being  seen  on  the  surface.  If  at  this 
point  in  the  A1  metal  deposition  procedure  we  now  deposit 
instead  a  thick  Au  overlayer  then  charge  transfer  to  the  Au 
would  occur.  The  result  being  a  Schottky  barrier  of  effective 
height  lower  than  that  for  the  simple  Au-vacuum  cleaved 
CdTe  system,  as  a  result  of  tunnelling  through  the  resulting 

very  thin  region  of  the  so  formed  barrier.  This  type  of 

0 

result  is  seen  for  an  A1  interlayer  thickness  of  0.8A.  An 

o 

increase  of  this  interlayer  thickness  to  2A  produces 
contacts  ohmic  in  nature.  The  result  would  indicate  that 
one  now  had  a  metallic  A1  overlayer  on  the  CdTe  surface. 

Although  the  Fermi  level  at  the  surface  has  moved  nearer  to 
the  conduction  band  due  to  the  indiffused  A1  atoms  acting  as 
shallow  donors  one  now  has  charge  transfer  occurring  between 
the  semiconductor  and  the  metallic  A1  overlayer  rather  than 
the  subsequently  deposited  Au.  The  result  being  a  contact 
esentially  identical  to  a  thick  film  Al-vacuum  cleaved  CdTe 
contact  i.e.  ohmic  in  nature. 

One  must  also  consider  the  possibility  of  the  formation 
of  "islands"  of  A1  on  the  CdTe  surface  at  very  low  coverages. 
Deposition  of  an  Au  electrode  on  top  of  this  would  result  in 
an  electrical  contact  of  "mixed  phases"  where  different 

24 

Fermi  level  pinning  behaviour  occurs.  Recently,  Freeouf  et  al 
have  carried  out  a  theoretical  analysis  of  "mixed  phase" 
contacts.  They  showed  that  where  a  contact  exists  in  which 
there  are  phases  showing  differing  Fermi  level  pinning 
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behaviour  then  interactive  effects  are  such  that  in 


measuring  the  contact  characteristics  one  would  only  see 
one  averaged  Fermi  level  position.  If  for  the  contact  with 

O 

0.8A  of  A1  it  is  postulated  that  at  this  coverage  one 
achieves  islands  of  A1  on  the  CdTe  surface  then  subsequent 
Au  deposition  will  lead  to  a  mixed  phase  contact.  The 
electrical  properties  of  which  can  be  understood  as  being 

O 

consistent  with  the  Fermi  level  averaging  concept.  Kith  2A 
of  A1  between  the  CdTe  and  the  Au  the  situation  is  different. 

It  is  now  assumed  that  the  A1  islands  or  patches  have  developed 

O 

into  a  smooth  continuous  film  of  atomic  thicknesses.  If  2A 
of  A1  form  such  a  film  on  CdTe  then  even  with  subsequent 
deposition  of  Au  on  top  of  such  a  film  one  still  has  simply 
a  single  phase  contact  with  only  one  Fermi  level  pinning 
behaviour  in  evidence.  The  result  is  a  very  low  barrier  or 
ohmic  contact. 
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1:4  CONCLUSIONS 


It  has  been  shown  that  interfaces  formed  between  various 
metals  and  the  vacuum  cleaved  (1)0)  surface  of  CdTe  are  not 
abrupt,  with  interface  widths  spreading  over,  in  some  cases, 
many  tens  of  angstroms.  Our  LEED  investigations  have  shown 
that  for  all  metals  studied  on  vacuum  cleaved  CdTe  the  metal 
over  layer s  develop  as  polycrystalline  rather  than  crystalline 
layers.  Various  metals  produce  various  chemistries  at  the 
interface  yet  if  one  eliminates  the  cases  where  Cd  out- 
diffusion  occurs  into  high  work  function  metal  overlayers, 
i.e.  the  Ni-CdTe  system  then  the  data  adheres  closely  to  the 
linear  interfacial  model  in  the  Schottky  limit.  For  these 
metals  the  value  of  S,  the  index  of  interface  behaviour,  is 
much  closer  to  unity  than  previously  reported.  The  reasons 
for  the  nonadherence  to  the  linear  interfacial  model  in  the 
Schottky  limit  of  high  work  function  metals  where  Cd 
outdiffusion  occurs  is  undoubtedly  linked  to  the  creation, 
within  the  band  gap,  of  pinning  1evels  due  to  doubly  charged 
Cd  vacancies  which  effectively  pin  the  Fermi  level  at 
-0.6eV  to  0.7eV  below  the  conduction  band.  For  lower  work 
function  metals  where  Cd  outdiffusion  occurs  into  the  metal 
overlayer,  A1  and  Cu,  the  resultant  levels  created  in  the 
gap  by  the  Cd  vacancies  do  not  affect  the  Fermi  level 
movement . 

The  introduction  of  reactive  interlayers  between  the 
CdTe  and  the  metal  overlayer  changes  the  situation  radically. 
Oxide  layers  on  the  CdTe  surface,  produced  by  cleaving  in 
air,  lead  to  increases  in  Schottky  barrier  height  for  all 
metals  studied.  More  complex  behaviour  patterns  during 
deposition  are  seen.  In  fact  such  is  the  complexity  of  these 
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systems  that  much  more  data  will  be  required  before  the 
dominant  mechanisms  responsible  for  the  Schottky  barrier 
formation  at  these  metal-air  cleaved  CdTe  interfaces. 

Use  of  A1  interlayers  between  the  CdTe  and  the  Au 
contact  produces  effects  which  may  be  understood  as  being 
caused  by  one  of  or  both  of  two  mechanisms.  Either 
indiffusion  of  A1  into  the  CdTe  with  a  resulting  barrier 
reduction  or  the  formation  of  islands  of  A1  at  low  A1 
coverage  resulting  in  "mixed  phase"  contacts  which  produce 
an  averaged  Schottky  barrier  height. 
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Schottky  barriers  at  metal-CdTe  interfaces 

M  H  Patterson  and  R  H  Williams,  Department  of  Physics.  School  of  Physical  Sciences  New  University  of 
Ulster.  Coleraine.  Northern  Ireland 


We  haw  adopted  the  multitechnique  approach  to  investigate  the  Schottky  barrier  formation  for  a  range  of 
metals  on  dean  cleaved  {110)  surfaces  of  cadmium  telluride  We  have  probed  the  growth  of  tin.  nickel  and 
copper  films  on  these  surfaces  by  XPS.  UPS.  LEED  and  AES  Thick  film  values  of  Schottky  barrier  height  wen 
established  by  C-V  and  l-V  techniques,  and  confirmed  by  monitoring  the  degree  of  band  bending  observed  t  \ 
UPS  The  results  are  discussed  together  with  those  already  reported  for  Au  Ag  and  Ai  on  CdTe  The  results 
•nd^ate  that  m  many  cases  the  interfaces  formed  are  not  abrupt  and  that  intermixing  between  the  rnetai  and  tf  * 
CdTe  occurs  The  observations  are  discussed  in  terms  of  the  various  theories  of  Schottky  barrier  formation  In 
I’drfcufar  the  role  of  the  metal  atoms  as  possible  dopants,  the  role  of  the  heats  of  / taction  of  the  meu  w*th  the 
C<!li  surface  the  relevance  of  the  meta<  work  function  and  the  applicability  of  On  iefcct  mode /  to  the 
metal  CdTe  system  are  discussed 


fotroduciH.ii 

•  Hen  '  *  -1  ; »iwhl* lot  the  . .iiu'ii  .«t  s*  hottkv  harriers 
at  the  ipii.it.iic  between  metals  and  emu  «ndiK  tors  has  been  the 
subject  of  much  research  over  the  pa-i  vcir*  Several  elegant 
theories1  ''have  been  put  forward  to  .11  >unt  lor  the  V  hottkv 
barrter  formation.  but  to  date  there  h.i-  K.  Inile  agreement  as  to 
the  most  important  processes  invi’Ivcvi  these  theories  have 
, ,  t  'idtred  the  relevance  of  riimoic  surface  states  on  the 
sctnuondiklr  the  tunnelling  of  1nci.1l  wave  functions  into  the 
-enmond ’actor  *  mans  body  effect'-*.  and  metal  induced  gap 
states  '  In  general,  though,  all  these  theories  make  the  assump¬ 
tion  that  the  interface  formed  between  the  metal  and  the  clean 
semiconductor  is  both  ordered  and  aiomiulK  abrupt  Recently 
however  n  has  been  shown  that  this  assumption  is  not  universal!) 
v  »n\t  *  and  that  inmanv  cases  considerable  intermixing  of  the 
r  ci.it  .»nd  semiconductor  occuis  even  for  interfaces  fabricated  at 
room  temperature  It  has  recent  I  >  been  established  that  defects, 
"lie h  a>  cation  or  anion  vacancies,  caused  h>  th  s  intermixing  at 
the  interface  can  dominate  the  formation  of  the  Schottky 
b  oner  u  *"  The  interfaces  formed  between  metals  and  the  Hi  V 
compound  semiconductors  have  been  extensively  investigated 
and  n  has  been  found  ihat  some  metals,  such  as  aluminium,  can 
I'  srupt  the  semiconductor  surface  by  chemically  reacting  with 
it1 1  Other  workers  have  shown  that  considerable  intermixing  of 
thv  metal  and  semiconductor  for  the  Au  <3aSb  system  occurs  even 
at  room  temperature*'  It  has  also  been  shown  that  exposure  of  a 
clean  semiconductor  surface  to  an  atmosphere,  such  as  Oi.  prior 
to  metal  evaporation  can  cause  a  change  in  the  transport  pro¬ 
pertied  of  1  he  metal  semiconductor  interface,  in  some  cases  as  a 
rcMiii  of  doping  the  surface  laser'  of  the  semiconductor* :  *  *  As  a 
result  o'  these  investigations  it  o  now  becoming  generally 
.• . vc pled  that  the  formation  of  Schoiikv  barriers  on  the  III  V 


vi'mpcun..  semicondi.ct  -r  0  often  >!•  •"i.ria,.  f  t  >  .  •  .»■ 

or  ne.11  ihc  *>iff'.c  of  ihc  -enucondu  lor 

lo  ti iid  out  h.'w  applicable  the  IcfeV  model  . »  u>  oilier 
metal  semiconductoi  systems  we  have  extended  our  invcdi 
gallons  to  a  metal  II  VI  semiconductor  system  In  this  paper  wc 
report  on  the  fabrication  of  metal  contacts  io  cadmium  telluride 
Initial  studies  of  Au  ^g  and  AI  film  grv*wth  on  vacuum  ckv  .cd 
CdTe  have  already  been  described  elsewhere'* 


Experimental 

Cadmium  tellur  id<  crystals,  doped  with  indium,  with  carrier 
concentrations  m  the  range  Id’*  go*  cm  *  were  grown  at  our 
laboratory  by  a  vertical  Hidgman  technique  Our  nut  hod  of 
experimeniaiion  involve-  carrying  out  complementaiy  surface 
investigations  sequential!)  on  ti  e  sjme  sample  in  the  same  ultra 
high  vacuum  chamber  without  breaking  the  \av  uum  U- enable  us 
to  do  this  we  have  three  uhv  chambers  at  our  disposal  One 
contains  the  techniques  of  Vray  photoclectron  spectroscopy 
tXPS).  Auger  electron  Spectroscopy  t AES t  and  Low  energy 
electron  diffraction  tl.l  I  !>l  The  second  uhv  chamber  contains 
facilities  for  XPS  I  H  I)  and  uv  photoclectron  spectroscopy 
tUPSl  The  third  uhv  chamber  contains  AES.  LEED  and  ihc 
facility  to  carry  out  I  V  and  C  V  measurements 

After  mounting  the  crystals  in  suitable  holders  the  ctydals 
could  be  cleaved  lo  produce  atomically  clean  (1 1 0 1  surfaces  in  .1 
vacuum  of  **■  10  10  torr 

Our  approach  is  first  of  all  to  characterize  thoroughly  the 
vacuum  cleaved  (1 10)  surface  of  CdTe  by  the  technique-  available 
to  us.  Controlled  amounts  of  metal,  from  fractions  o!  a  monol.  ver 
upwards  are  evaporated  onto  the  dean  surface  of  C  dl  e  The  early 
stages  of  Schottky  harrier  formation  are  then  monitored  »■  XPS. 
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t  PS  anvl  M  S  <>nvs  a  thick  ovcrlaver  of  met  a1  had  Keen 
tl.c  S  hottkv  harrier  heights  wore measured.  m uh\.  K\ 
kMn.ntional  I  \  am! «  A  techniques  At  this  stage  LI  I  I)w.i> 
earned  out  to  determine  the  degree  of  order  present  in  the  metal 
ovcrl.tvci  F  he  re-ulK  prevented  are  for  experiment  earned  out  at 
room  temperature' 

Results 

In  ihi'  f*  »p.-r  we  vuminafi/e  the  result  obtained  f« *r  the 
evaporation  of  various  metals  on  vacuum  cleaved  C‘dTc  The 
general  approach  is  tvpdied  hv  the  results  for  (  u  Figure  hat 
shows  the  ITS  spectra  measured  foi  vacuum  cleaved  (die  with 
progressive  deposition  of  copper  onto  the  surface  Spectra  are 
measured  in  the  angle  resolved  mode  along  the  surface  normal 
The  various  peaks  observed  m  the  clean  spectrum  ma>  be 
undersiood  to  a  first  approximation  in  terms  of  balk  electron 
states  4  The  two  close  peaks  prominent  at  a  binding  cncrgv  of 
I (» and  II  5  e\  originate  in  the  spin  orbit  split  Cd4d  levels 

As  copper  o  deposited  on  the  dean  surface  all  levels  m  the 
pho!* ‘emission  spectrum  appear  to  shift  to  lower  binding  energies 
This  is  due  to  the  fact  that  the  b emu  level  at  the  surface  is  shifted 
towards  the  valence  band  hv  0.2  eV.  as  illustrated  in  Figure  I  (a  I 
tins  M  |  his  interpretation  assumes  that  the  band'  near  the 
.  ’.'mk.dU  clean  surface  are  fiat  and  that  the  electron  escape  depth 
1 10  -o  Alts  short  compared  to  he  band  bending  (several  hundred 
\i  following  metal  deposition  The  Scholtkv  bamcr  measured 
hv  I  \  method'  following  the  deposition  of  a  thick  (  u  film  was 
-I' 4  cV  which  is  entiretv  consistent  with  the  f  ermi  level  shift 
•hour  in  f  icurc  Hal 

'  uiihci  no'ucible  ic.iture  in  the  spura  i'  the  gradual 

pc, i  .in.  c  “fa  small  peak,  a1  a  h>nding  .nerg>  of  -  JOJcV.ie  ai 
>*r  ciutgs  of  - <•  t>  c\  lew  than  that  of  the  C  J4d  levcis  in  (  d  ’l e.  as 
(  u  i  progressive!)  deposited  This  peak  is  due  to  cadmium  atoms 
which  arc  in  a  different  environment  to  those  cadmium  atoms  in 
'.«v  cdTe.  le  due  to  cadmium  incorporated  in  the  copper 
w;  lave  I  nfortunatelv  the  possible  out  diffusion  of  tellurium  is 
•  Mli  lit  lo  ,oses'  h>  ITS  since  no  core  levels  are  accessible 
Howe'  ei  \PS  studies  lead  to  the  com  Iumoii  that  b.  ih  (  d  and  Ic 
i incorporated  in  the  Cu  electrode  and  ih.it  the  interlace  o  verv 
far  from  being  aicmicall)  abrupt  and  extends  over  main  tens  of 
aigs’ioms 

final!)  LEED  observations  of  the  tluck  metal  ovcrlaver 
indicate  polvcrvsialline  film  growth  for  ail  metals  studied  Nickel 
behaved  in  a  verv  similar  manner  again  leading  to  a  non  abrupt 
•r.terf  tee  and  ,v  Schouks  bauvet  height  of  0  e\  isee  T  able  1 1 
<iold  led  loa  much  higher  Schott k\  barrier,  w  ith  l  PS  behaviour 


figure  I.  la  -\i.g»e  rcsol.ed  phoioe.w  .rot'  'pec.i  tor  v.kui  i*  cl'  •  -  ' 
CdTe  wan  cotvooHed  evapora  ion  «>:  •  upper  Spc«.tr.j  shown  art  *>  : 
normal  emission  hvss  21  2  cV.  angle  of  incidence  > light  --  I  he  n  -eo 
show  the  pos.*Min  oi  the  valence  and  condut  P«»n  Hands  wiih  res  peel  u  the 
F  erm;  level  iM  Angie  resolved  photoelectron  speeua  for  vacuum  eleavcu 
CdTe  with  controlled  evaporation  of  indium  Spectra  shown  are  f»<: 
normal  emission  h.  21  2  e\ .  angle  of  incidence  of  light  =  **  The  insets 
show  the  position  of  the  \  alenee  and  i  onduenon  hands  wiih  respov  t  to  the 
Fermi  level 

similar  to('u  and  Ni.  but  no  evidence  of(  d  in  a  different  chenm.il 
environment  to  that  in  CdTe  was  found  I  or  silver  contacts  on 


T*Mr  I.  Barrier  height  measurements  (o»l.  Schottkv  theorv  predictions  (<*„  heats  of  reaction  of  various  metals  with  (.  dTe.  (the  heal  of  reaction 

value  \H*  include'  an  allowance  for  the  heat  of  condensation  of  the  metal ’"l 
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tlc.m  (  ii  K  1 1  l«MMirf.ui*s  no  I  emu  level  movement  vs  .i*  oKa . c.t 
,in.*  indeed  the  I  V  measurements  showed  largely  k •)irn<^ 
Kii.ishhi'  ioPMxtc.it  with  .1  vcv  low  h.iriicr  Again.  like  An  ’  •» 
cwdcnv.cof(  «f  in  a  different  .hcnnv.il  environment  Mth.ii  m<  die 
w.iv  found 

I  he  results  ohi.ittuJ  for  the  three  metal*-  In.  Al ;» nti  Sn  diowcu 
noticeable  and  important  diffe.  cnees  m  behaviour  from  thov 
illiiNir.iuV  hv  Figure  I  i  I  ollowmg  me  deposition  .*f  small 
fra«-i'oris  o  i  mmi  ’l.iw  -  f  In  lor  example  the  whole  phoio- 
cmission  spectrum,  originating  in  the  bulk  (’illc.  display*  a  sf,ifi 
to  higher  binding  energy.  Figure  Hhi.  indicative  of  a  shift  of  ihv 
f  emu  levs!  towards  the  conduction  band  by  -*  0.2  eV  [see  inset  of 
Figure  Hhi]  As  the  metal  overlayer  grows  into  a  continuous  tilm 
'he  spectra  experience  a  shift  back  to  the  original  binding  energies 
Similar  effeci'  were  observed  for  Al.  I  in  also  showed  similar 
behav  iour  except  that  the  final  Fermi  level  position  is  about  0  2  eV 
closer  to  the  valence  band  at  th.  surface  as  compared  to  the  flat 
band  condition  (see  Table  1 1.  In  al!  three  cases  electrical 
measurements  showed  harnci  behaviour  consistent  with  these 
interface  Fermi  level  positions  For  these  three  interfaces  XPS 
studies  showed  evidence  of  considerable  intermixing 

The  instability  of  the  vacuum  cleaved  ( 1 10 1  surface  of  f  d  I  e  was 
demonstrated  when  the  same  investigation  of  the  interface 
chemistry  was  warned  out  using  the  technique  of  Auger  electron 
spectroscopy  I  he  results  proved  to  be  inconsistent  and  oc¬ 
casionally  contradicted  the  behaviour  shown  up  by  XPS  An 
example  of  this  is  shown  in  F'tgutc  2  where  the  formation  of  an 
aluminium  electrode  is  monitored  h\  both  AFS  and  XPS  It  is 
obvious  that  the  interface  mixing  process  is  being  influenced  by 
the  incident  electron  beam  The  disorder  introduced  by  the 
electron  beam  max  be  due.  at  least  partially,  to  localized  heating  of 
the  surface  as  j  result  of  the  very  low  thermal  conductivity  of  the 
CdTe  (iMW  V\  cm  ’  deg  *  at  32  7  C',5I  This  disorder  can  lead 
to  a  considerable  shift  in  the  Fermi  level  at  the  surface  of  the 
crystal  pinning  it  in  the  lower  part  of  the  hand  gap  losing  UPS  we 
have  noted*  that  this  shift  can  be  as  much  as  0  6  cY  It  must 
therefore  be  stressed  th.it  great  care  must  be  exercised  tn  the 


Evopo'otio"  t*mt 


Figure  2.  IXyos  iw»r,  ptotiltfs  im  .dun  >mum  dcpo*oi  ng  on  the  i.ivii.m' 
.leaved  1 1  MU  lace  off  ii  Ic  a.  niea**;ted  bv  lai  XPS.  lb*  M  S  key  ■  Al 
#  lc.  •  -  <d 


.nt c r j' ■  w* ‘ .f * i»*n  o!  d.d.,  icv.ilune  ti,»ni  cxpci ••neut.il  leJimqius 
•v  Sere  ele.  fi-o  be  <ni*  .r.  me  idcn*  *n  the  sir  !.kc  of  iK-  (  dir 

Dice ussion 

Ou*  n-siihs  show  that  for  (die  there  is  very  good  general 
icr.vmcn!  between  the  Svhotiky  harrier  chaiactenstus  measured 
hv  (  \  I  \  technique' and  by  UPS  One  of  the  main  differences 
vtween  the  hch.oiour  id CdTc  and  other  materials  is  in  the  rate 
,ij  development  of  the  Schotiky  barrier  If  wc  compare  the 
formation  of  gold  contacts  to  ('die  and  the  III  V  compound 
C»aAs  the  difference  in  behaviour  is  illustrated  lor  GaAs  the 
Schottky  barrier  is  largely  formed  at  a  coverage  of  -Oil",,  of  a 
mom-lav -i Tor  (  die  iho  is  certainly  not  the  case  and  much 
higher  metal  coverages  are  needed  to  produce  the  maximum  shift 
,n  the  Fermi  level  at  the  surface 

From  previous  discussion  n  is  cieai  that  the  metal  CdTc 
interfaces  are  not  atomically  abrupt  In  fact  of  all  the  111  \  and 
II  M  compounds  studied  by  usCd  Te  has  by  far  the  most  ui. 'table 
surface  It  is  dear  that  electron  beams  disrupt  the  surfa.c.  as  does 
the  metal  deposition  itself  One  problem  that  contributes  to  this 
effect  ;s  the  low  thermal  conductivity  of  CdTe 

1  he  formation  of  met.il  CdS  and  metal  CdSc  interface*  bo'll 
related  II  V|  materials,  has  been  described  by  Brucket  an.! 
BrilKon1  It  was  noted  that,  like  CdTc,  interfaces  arc  not  af'rup» 
and  that  the  interface  widths  can  be  considerable  F..rl*cr 
Bnllson"  noticed  a  relationship  between  the  heat  of  reaction 
(A H „)  of  the  metal  with  the  semiconductor  material  and  the 
Schottky  barrier  height  for  a  range  of  systems  The*e  heat*  ->1 
reaction  are  determined,  for  the  reaction 

1  1  1 

M+  Cdfe—  (Af,Te|  +  (d 

\  X  X 

from  heats  of  formation  (A//,  I  values  of  the  compound  semicon¬ 
ductor  ('di  e  and  the  most  stable  metal  tellur ulc  product  T  hese 
are  normalized  per  metal  atom,  analogous  to  the  SH H  r.iku- 
lationsof  Andrews  and  Phillips* 0  The  heats  of  reaction  -»f  'anuus 
metals  with  CdTc  arc  tabulated  in  Table  I  Fiom  BnlN.-ns 
results*  *  it  appears  that  there  exist'  two  delimtc  regions  of 
Schottky  barrier  behaviour  For  unreaciive  metal'  one  generally 
obtained  high  Schottky  barriers,  whereas  reactive  metals  pfvxiuccd 
lower  Schottky  barrier  behaviour  A  sharp  transition  between 
these  two  tvpesof  behavioni  occurred  at  a  critical  heat  of  reaction 
For  CdS  and  CdSe  the  critical  heal*  of  reaction  are  nearly 
identical  at  **  +  f»5  c\  metal  atom  1  In  I  igure  3  we  plot  A H „ 
against  o,  fv»r  \  a  nous  metals  on  (die  7  he  value  of  A //„  for  Au  is 
not  known  as  the  heat  of  formation  of  the  stable  gold  teHundc 
I AuTc  i  is  not  documented  From  the  results  it  does  appear  that 
those  metals  with  high  heats  of  reaction  (greater  than  0  30  e\ 
metal  atom  *  t  lead  to  Schottky  barriers  Those  metals  w  if h  heats 
of  reaction  less  than  this  figure  give  very  low  or  ohmic  behaviour 
II.  however,  one  takes  into  account  the  heal  of  condensation  of 
the  metal  then  the  relationship  between  the  heat  of  reaction  and 
Schottky  barrier  height  disappears  Flow  ever  it  is  not  re.illv  clear 
how  meaningful  the  heat  of  condensation  is  in  these  systems  as  the 
metal  atoms  arc  not  simply  forming  metallic  overlay ers  with 
abrupt  interfaces  on  impinging  on  the  (die  sgrfaa  Brdl.son- 1 
has  shown  that  the  most  reactive  metals,  those  with  negative  heats 
of  reaction,  form  the  most  abrupt  interfaces  As  most  of  the  metals 
investigated  by  us.  on  (  die.  havv  po%.;ive  Vv.it'  o*  reaction.  the 
exceptions  being  In  and  Al  which  have  slight  v  negative  heats  of 
reaction,  then  the  fact  that  the  intcrla.es  between  the  metals  and 
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kicurr  3.  Bamtff  height-  k\i  cumTau*d  io  heals  of  reaction  i A / / K i  for 
*us  metals  on  (  .He.  '  :  .  Heats  of  reaction  of  metal*  (  dir  -uhstratc 
Meals  >»i  i  cart  ion  of  metal  ♦  (  die  suhsiraic.  with  heat  **f  meial 
.on-i.  n^.inon  .mludcd 


the  <  die  are  not  abrup’  is  consistent  \*ilh  the  observations  of 
Bi  illson  on  other  II  VI  compounds  It  has  also  been  suggested  b> 
Brilhrn  that  surface  fields  ma>  lead  to  enhanced  diffusion  across 
these  interfaces  In  the  metal  CdTesy stems  fields  can  be  very  high 
tup  to  Id’S  cm  1  land  ii  t' clear  that  these  ma>  have  a  significant 
effect  on  the  diffusion  These  ideas  will  be  pursued  in  a  laier 
publication  In  man)  of  the  theories  which  attempt  to  describe  the 
basic  physical  processes  responsible  for  Schott k>  harrier  form 
anon  workers  attempt  to  interpret  the  wa>  in  which  the  index  of 
interface  behaviour  S  varies  from  one  metal  semiconductor 
system  to  another  and  in  particular  the  sharp  transition  in  value- 
of  S  which  seems  to  be  near  to  zero  for  metals  on  covalent 
scmu.ondttv.iois  and  dose  to  unit)  for  metals  on  ionic  semicon¬ 
ductors*2  The  quantity.  S.  is  obtained  from  the  dependence  of 
on  the  metal  work  function  </>„.  using  a  relationship  of  the  form*’2 

ip.  =  S\d>m  -<*>*)  +  ( 

w  here  Ou  is  the  semiconductor  work  function  and  ('  is  a  constant 
kurtin  c:  a!::  and  later  Schlutcr*  report  that  the  value  of  5  for 
CdTc  is  s.()  2  which  in  somewhat  surprising  in  view  of  its  ionic 
nature  It  is  clear  that  the  values  of  barrier  heights  for  various 
metals  on  CdTe  correspond  to  a  wide  range  of  values  This  is  not 
consistent  with  a  low  value  of  S  for  CdTe  as  was  previously 
suggested  This  will  be  considered  later 

It  is  of  interest  to  probe  the  influence  of  defects  in  the 
metal  (dTe  sy-tem  It  has  been  suggested  that  for  the 
metal  III  V  s>stems.  anion  and  cation  vacancies  play  an 
important  role  and  that  the  resultant  Schottky  barriers  can  be 
related  to  an  excess  of  anions  or  cations  incorporated  in  the  metal 
electrode  Clearly  for  (  dTe  there  appear  to  be  defects  at  the 
interfaces  but  there  does  not  seem  to  be  an>  such  simple 
relationship  between  the  Schottkv  barrier  behaviour  and  the 
e\i  css  of  Cd  or  I e  in  the  metal  electrode  as  determined  by  XPS  It 
»s  known,  now  ever,  that  the  defect  structure  in  CdTc  is  complex 
f).jw  ami  Smith24  have  calculated  the  defect  levels  due  to  simple 
neuir jI  anion  and  cation  vacancies  in  the  bulk  and  near  the 
sutfacc  of  several  III  V  and  II  VI  compound  semiconductors. 
The  calculated  levels  fall  within  the  band  gap  for  the  III  V 
materials  and  there  seems  a  clear  correlation  between  the 
Si  hottk  v  barrier  formation  and  the  existence  of  these  defects  For 
(  die  however,  it  stem-  that  the  corresponding  levels  fall  well 
outside  the  band  gap  and  J'  such  may  he  inefTev  me  in  pinning  the 
I  ermt  level  near  the  interlace  and  thus  in  influencing  the  Schottkv 

fir 


hairier  formation  Hence  although  in  CdTctherearc  many  tided- 
at  inelal  (  die  interfaces  they  do  not  have  -uch  an  inflticiUv  on 
the  Sc'hoitkv  barrier  behaviour  a-  is  seen  in  meial  III  \  systems 

In  addition  to  out -diffusion  of  ('d  and  Tc  atoms  there  i-  also  >ic 
possibihtv  ot  tn-diffusion  of  metal  atoms  and  we  must  therefore 
o  at  side  i  the  effect  of  these  atoms  as  dopants  of  the  surface  layer 
Doping  of  CdTc  with  In  and  Al  can  produce  highly  n-tvpc 
material  In  the  bulk  In  and  M  arc  known  to  act  as  shallow  donors 
King  .i '  (Hi! 4  c\  below  the  conduction  band2*  Au.  Ag  and  (  u. 
however,  produce  deep  acceptor  level-,  when  iniroduced  as 
dopants  into  bulk  (  die.  at  0.3  0  4  e\  above  the  valence  band 
Clearly  if  Au  does  form  deep  acceptors  then  this  could  explain  the 
high  Schottkv  barrier  It  would  then  be  surprising  that  Ag  did  not 
behave  in  a  similar  manner,  if  ir  diffusion  and  doping  were 
controlling  the  barriers  Hence  it  app.  ars  that  there  i-  no  general 
relationship  between  the  Schottkv  barrier  and  doping  by  the  in- 
diffused  metal  atoms,  although  m  individual  ca-es.  In  Al  and  Sn. 
doping  effects  niay  be  noticeable  The-c  case-  will  be  considered 
later 

If  one  assumes  that  there  are  no  intrinsic  surface  states  present 
in  CdTe2'1.  then  in  consideration  of  the  Schottkv  model,  one  .an 
achieve,  in  general,  good  agreement  between  the  metal  work 
function  (<>J  and  the  Schottkv  harrier  height  (</>„)  For  metal-  i  : 
high  Or  we  general!)  see  high  barriers,  an  example  of  this  i-  Au 
Metals  with  work  functions  less  than  the  electron  affinity  for  (  dl  c 
t/«di.  e\  1  show  verv  low  barrier  or  ohmic  behaviour 

Examples  of  this  behaviour  are  In.  Al  jnd  Ac  If  we  discount  the 
result  for  Ni.  then  all  the  other  metals  so  far  studied  on  CdTe 
adheic  .o  the  Schottky  model,  with  a  value  of  S.  the  index  of 
interface  behaviour  close  to  unnv  I  he  values  of  <f>m  used  he <.  art 
all  for  polvirvstallinc  me’als2”  However  ii  is  not  clear,  in  v  icw  .  ‘ 
the  amount  ol  intermixing  ih.u  occurs  .it  the  metal  (die 
interfaces,  just  how  relevant  the  values  of  om  arc  It  is  possible  ihj1 
the  metal  deposition  procedure  may  cause  changes  in  these  im  :al 
work  functions 

In.  Al  and  Sn  are  parlicularlv  interesting  On  deposition  of  >  erv 
small  amounts  of  meial.  the  Fermi  level-  shift  up  the  band  gap 
near  to  the  conduction  band  edge  This  is  consistent  with  Pie 
metal  atoms  acting  j-  surface  or  oulk  shallow  donors  If  wc 
assume  tn-dilTusion  of  metal  atoms  io  a  distance  of  the  order  of  the 
escape  depth  giving  rise  to  shallow  donors  then  ihc  results 
achieved  for  the  three  metals  can  he  explained  bv  the  Kcrmi  level 
yt  the  surface  being  located  very  near  to  the  conduction  hand 
edge,  as  represented  by  the  in>et  in  Figure  Kb)  As  the  metal 
contact  further  grows  on  the  surface  charge  transfer  now  occurs 
from  these  shallow  donors  to  the  surface  metal  resulting  in  the 
Fermi  level  moving  back  down  the  band  gap  F'ot  In  and  Al  the 
Fermi  level  moves  close  to  it-  original  position  to  form  ohmic 
contact  further  grows  on  the  surface,  charge  transfer  now  occurs 
band  gap  to  form  a  low  Schottkv  barrier,  consistent  with  the 
Schottky  model  predictions 

The  reason  for  Ni  being  inconsistent  with  the  Schottkv  model  is. 
as  vet.  unknown  There  is  a  need  to  study  furl  her  the  interfaces 
formed  between  transition  metals  and  the  vacuum  cleaved  1 1  KM 
face  of  CdTe,  to  further  probe  the  validity  of  the  Schottky  model 
with  respect  to  (  dTe 


(  occlusions 

I  The  interfaces  formed  between  various  ok  tab  and  the  vacuum 
cleaved  IlKM  face  of  idle  arc  non  abrupt,  with  interface 
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xxt.hhs  ip  some  cases  distnhuicd  oxer  some  hundreds  of 

r.t 

2.  Ml  meliil  o\erl.»>er\  on  (  die  arc  poly  crystalline  in  nature 

3  IXfivis  do  noi  appear  lo  play  an  important  role  in  controlling 
Scholtky  harrier  formation 

4  I  Vs  pile  ihc  presence  of  non  abrupt  interfaces  and  ihe 
.  'socated  defcv1'  the  model  which  hesi  fils  ihe  experimental 
r C'siili s  for  mei.ii  (  die  system*  is  ihc  Schottky  model.  with  a 
x.iliie  of  S.  the  index  of  interface  hehaviour.  dose  lo  unit> 
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tt>  discuss  the  detailed  formation  of  Schottkv  bamers  at  interfaces  between  a  range  of  metals  and  atomicalls  clean  surfaces  of 
CdTc.  prepared  bs  cleasage  in  uliru  high  vacuum.  The  microscopic  aspects  associated  with  metal  induced  interface  disorder  surface 
dissociation  and  inierdtffusion  of  atoms  across  the  interface  have  been  probed  by  a  range  >il  methods  including  ultra  violet 
photoelecuoft  spectroscopy  (L'PSl.  X-ras  photoeleciron  spectroscopy  (XPS1.  Auger  electron  spectroscopy  (AES),  loss  energs  electron 
diflracuon  (LEED).  and  /  -I  and  C  -I  methods  simultaneously  The  mechanisms  responsible  for  Fermi  level  pinning  are  considered 
in  detail  and  the  importance  of  metal  induced  interfacial  defects  is  emphasized.  The  modification  of  the  Schottkv  barners  to  vacuum 
cleaved  CdTe  is  investigated  using  reactive  interlayers,  of  Al  or  T eO.  between  the  clean  CtJTe  surface  and  the  Schollks  comas' 


I.  Introduction 

A  correct  description  of  the  physics  associated 
with  metal-semiconductor  contacts  remains  the 
subject  of  much  debate.  Since  the  early  work  of 
Bardeen  [1]  in  1947  several  elegant  theories  have 
been  pul  forward  to  account  for  Schotlky  barrier 
formation  [2  -6)  As  vet.  though,  there  has  been 
very  little  agreement  as  to  the  most  important 
processes  involved  These  theories  have  considered 
the  relevance  of  intrinsic  surface  stales  on  the 
semiconductor  |1],  metal  wave  function  tunnelling 
into  the  semiconductor  [2.3),  many  body  effects  [4) 
and  metal  induced  gap  states  (2,5).  These  theories, 
though,  assume  perfect  interfaces  between  the 
metal  and  the  semiconductor  where  interdiffusion 
between  the  species  does  not  occur,  and  to  dale 
have  had  limited  success  in  explaining  experimen¬ 
tal  results.  Recently  it  has  been  shown  that  this 
assumption  ts  not  universally  correct  and  that  in 
many  cases  considerable  intermixing  of  the  metal 
and  semiconductor  occurs  even  for  interfaces 
fabricated  at  room  temperature  (6-8).  Recently  it 
has  been  established  that  defects  such  as  cation  or 
anion  vacancies,  caused  by  this  intermixing  can 
dominate  the  Schottky  barrier  formation  [7,9,10). 
It  has  been  shown  that  some  metals  disrupt  the 
semiconductor  surface  by  chemically  reacting  with 
it  [II).  Other  workers  have  shown  that  exposure  of 
a  clean  semiconductor  surface  to  an  atmosphere, 


such  as  O  .  pnor  to  metal  evaporation  van  cause  j 
change  in  the  transport  properties  of  the  metal 
semiconductor  interface,  in  some  cases  as  a  result 
of  doping  the  surface  layers  of  the  semiconductor 
[12.13) 

In  practice  the  formation  of  contacts  io  semi¬ 
conductors  often  involves  annealing  or  etLhing 
cycles  and  as  such  the  metallurgy  and  chemistry  of 
the  interfacial  layers  must  be  important  The  way 
that  interfacial  layers  affect  the  properties  of  the 
contact  is  therefore  of  considerable  interest  from  a 
technological  as  well  as  a  fundamental  point  of 
view-. 

In  this  paper  we  report  on  the  fabncation  of 
contacts  to  the  vacuum  cleaved  [110)  surface  of 
n-CdTc.  The  effect  of  exposure  to  air  prior  to 
metal  deposition,  and  of  deposition  of  thin  layers 
of  reactive  metal  between  the  semiconductor  and 
Ihe  Schottky  contact  is  monitored  The  role  of 
defects,  produced  by  these  various  procedures,  and 
now  generally  accepted  as  being  relevant  to  the 
III— V  semiconductor- metal  systems,  is  consid¬ 
ered. 


2.  Experimental 

Cadmium  telluride  crystals  of  type  n.  with  car¬ 
rier  concentrations  in  the  IO"’-  IO17  cm  ’  range 
were  grown  in  our  laboratory  by  a  vertical  Bridg- 
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man  technique  The  crystals  could  be  cleaved  to 
reseal  mirror  like  ( 1 10)  surfaces  up  to  100  mm:  in 
area  Our  philosoph>  of  experimentation  is  10  carry 
out  complementary  surface  analyses  sequentially 
in  the  same  ultra  high  xacuum  (UHV)  chamber  on 
the  same  sample  vsithout  breaking  the  satuum  To 
facilitate  this  we  have  at  our  disposal  three  UHV 
chambers  each  capable  of  achieving  better  than 
10  in  Torr  working  pressures  Techniques  at  our 
disposal  included  X-ray  photoelectron  spectros¬ 
copy  (XPS),  Auger  electron  spectroscopy  (AES), 
low  energy  electron  diffraction  (LEED)  and  ultra 
violet  photoelectron  spectroscopy  (UPS).  These 
techniques  were  used  to  monitor  the  chemistry, 
metallurgy  and  electronic  structure  involved  in  the 
Schottky  barrier  formation.  Thick  film  values  of 
Schottky  barrier  height  could  be  established  by 
/-I’  and  C-  V  techniques  in  UHV 

We  characterize  the  vacuum  cleaved  (110) 
surface  of  CdTe  by  the  techniques  above.  Then 
controlled  amounts  of  metal  are  evaporated  onto 
the  CdTe  surface  and  the  early  stages  of  interface 
formation  monitored  by  XPS.  UPS  and  AES.  The 
film  thickness  is  gradually  increased  and  on  the 
establishment  of  thick  metal  overlayers  the  Schot¬ 
tky  barrier  heights  are  established  by  l-V  and 
C  C  techniques  LEED  was  earned  out  on  thick 
metal  overlavers  Where  reactive  metals  (e.g.  A!) 
were  deposited  on  the  cleaved  surface  pnor  to 
unreaclive  meials  (eg  Au),  double  filament 
evaporation  sources  were  used  The  thickness  of 
the  metal  films  deposited  was  measured  using  a 
quartz  crystal  thickness  monitor 

Ohmic  contacts  to  the  CdTe  were  made  by 
evaporation  of  In  onto  a  ( 1 10)  surface  followed  by 
annealing  in  vacuum  (—10  *  Torr)  for  10  mm  at 
175°C 


3.  Results 

Fig  I  shows  the  values  of  Schottky  barrier 
heights  measured  for  various  metals  on  the  vacuum 
cleaved  (110)  surface  and  the  air  cleaved  (110) 
surface  of  CdTe.  The  air  cleaved  surface  was  ex¬ 
posed  to  air  at  atmospheric  pressure  for  48  h  prior 
to  metal  deposition.  An  XPS  spectrum  of  a  vacuum 
cleaved  (110)  surface  and  an  air  cleaved  (l  10) 
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Fig  I  Plot  of  barner  heights,  versus  meul  work  functions 
4>m,  for  various  metaJ-  vacuum  cleaved  CdTe  (•)  and  metal  ait 
cleaved  CdTe  interfaces  (■  )  The  electron  affinity  of  CdTe  \ 
is  indicated  on  the  plot 
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Fig.  2.  XPS  spectra  of  (a)  vacuum  cleaved,  (b)  air  cleaved 
CdTe.  Inset:  magnification  of  the  Te  3d  region  of  air  cleaved 
CdTe.  The  splitting  in  the  5/2  and  3/2  peaks  due  to  TeO,  are 
clearly  seen 
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surface  arc  shown  in  fig.  2.  It  has  been  shown  |8] 
that  the  splitting  seen  in  the  Te  3d  peaks  is  due  to 
the  presence  on  the  surface  of  oxygen  in  the  form 
of  TeO,.  From  fig.  I  it  is  clear  that  this  oxide 
layer  has  a  drastic  effect  on  the  Schottky  harriers 
formed  on  CdTe.  On  the  air  cleaved  surface  all 
metals  investigated  produced  Schottky  barriers  of 
0.5  eV  or  greater  However  on  the  atomically  clean 
vacuum  cleaved  surface  all  of  the  metals  showed  a 
reduction  in  the  measured  Schottky  barrier  heights, 
with  three.  In,  Ag  and  Al  producing  very  low 
barrier  or  ohmic  behaviour.  The  observations  on 
the  vacuum  cleaved  surface  can  be  understood  to  a 
large  degree  by  use  of  the  Schottky  model.  It  has 
recently  been  indicated  [14]  that  the  deviations 
from  the  Schottky  model  (e.g.  for  Ni)  occur  when 
high  work  function  metals  are  used  which  induce 
Cd  outdiffusion  from  the  semiconductor  surface. 
This  results  in  interface  stales  which  prevent  the 
Fermi  level  at  the  semiconductor  surface  from 
shifting  further  than  ~ 0.5  eV  below  Ec.  Table! 
shows  those  metals  which  show  Cd  outdiffusion  as 
the  metal  semiconductor  interface  is  formed. 
Clearly,  although  there  is  Cd  outdiffusion  associ¬ 
ated  with  low  work  function  metals,  e.g.  Al,  the 
resulting  levels  generated  within  the  gap  do  not 
influence  the  Schottky  barrier  behaviour.  Fig.  3 
shows  a  UPS  spectra  of  vacuum  cleaved  CdTe. 
The  spectra  are  measured  for  emission  normal  to 


Table  I 

Barrier  heights,  measured  by  l~V,  of  various  metal -CdTe 
interfaces;  indicated  are  the  systems  where  UPS  has  shown  Cd 
outdiffusion  to  occur  on  formation  of  the  interface  (vacuum 
cleaved  surface  only) 


Metal  Barrier  height  (eV)  Cd  out* 

_  diffusion  (eV) 

Vacuum  Air 

cleaved  cleaved 


Au 

0.96 

1.1 

No 

5.1 

Ag 

Ohmic 

0.5 

No 

4.28 

Al 

Ohmic 

093 

Yes 

4.26 

In 

Ohmic 

0.52 

No 

4.12 

Sn 

04 

0.6 

No 

4.42 

Cu 

0.45 

0.6 

Yes 

4.65 

Ni 

04 

0.63 

Yes 

5.15 

Fig  3  Angle  resolved  photoelectron  spectra  for  vacuum  cleaved 
CdTe  with  controlled  evaporation  of  Al.  Spectra  shown  are  for 
normal  emission.  A  u  =21.2  eV.  angle  of  incidence  of  light 
=  55®.  The  peak  marked  with  an  arrow  at  a  binding  energy  of 
— 10.3  eV  is  due  to  Cd  outdiffusion  from  CdTe  into  the  Al 
overlayer.  Spectrum  1  shows  the  vacuum  cleaved  CdTe  surface 
Spectra  2-7  show  the  surface  with  gradual  Al  coverage  Spec¬ 
trum  8  is  the  CdTe  surface  with  a  thick  Al  overlayer. 


the  surface  (Aw  =  21.2  eV,  unpolarized).  The  spec¬ 
tra  for  the  clean  surface  shows  both  valence  band 
emission  as  well  as  emission  from  the  deeper  Cd 
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4d  orbilals.  Upon  deposition  of  Al  several  things 
of  note  happen:  (i)  At  very  low  Al  coverage, 
before  any  modification  of  emission  of  the  valence 
band  region  occurs,  all  features  in  the  spectra  due 
to  CdTe.  shift  to  higher  binding  energies  by  —0.2 
eV  As  the  coverage  of  Al  is  increased  the  features 
move  back  to  their  original  binding  energies,  (ii) 
Al  higher  Al  coverage  one  sees  a  new  component 
appearing  on  the  lower  energy  side  of  the  Cd  4d 
emission  by  -0.6  eV.  As  the  Al  coverage  increases 
this  feature  becomes  very  dominant.  This  is  chemi¬ 
cally  shifted  emission  from  the  Cd  4d  orbitals 
which  has  been  removed  from  the  semiconductor 
surface  and  is  incorporated  in  the  metal  overlayer. 
This  Cd  outdiffusion  has  been  seen  for  other  metals 
as  well,  e.g.  Cu  and  Ni. 

The  Fermi  level  movement  with  increasing  metal 
coverage,  as  measured  by  UPS,  is  summarised  for 
several  metals  in  fig.  4.  Several  different  types  of 
behaviour  are  seen.  The  first  type  of  behaviour  is 
seen  with  Au.  Cu  and  Ni  also  show  this  behaviour. 
As  the  metal  overlayer  grows  so  the  features  of  the 
spectra  gradually  move  to  lower  binding  energies 
idicative  of  a  gradual  movement  of  the  Fermi  level 
at  the  semiconductor  surface  in  the  gap.  Silver, 
however,  shows  a  behaviour  where  no  shift  of  the 
Fermi  level  al  the  surface  is  seen  even  for  fairly 
high  metal  coverages.  Al  and  In.  for  low  metal 
coverages  both  show  a  movement  of  all  features  in 
the  spectra  to  higher  binding  energies.  As  the 
metal  builds  up  on  the  surface  of  the  semiconduc¬ 
tor  so  the  features  move  back  to  their  original 
binding  energies.  It  is  known  that  both  Al  and  In 
act  as  shallow  donors  in  bulk  CdTe  (15).  The 
behaviour  of  these  two  metals  is  consistent  with  an 


Fig  4  Movement  of  the  Fermi  level  al  the  CdTe  surface,  as 
measured  by  UPS.  as  vanous  metals  are  progressively  de¬ 
posited  on  the  clean  CdTe  surface 


initial  indiffusion  of  metal  atoms  to  produce  a 
highly  n-type  layer  with  the  Fermi  level  being 
located  near  to  the  condition  band  edge.  As  the 
metal  contact  grows  on  the  surface  than  charge 
transfer  now  occurs  from  these  shallow  donors  to 
the  metal  resulting  in  the  Fermi  level  now  moving 
back  down  the  band  gap.  No  outdiffusion  of  Cd  is 
seen  with  In  contacts. 

The  electrical,  l-V.  characteristics  of  Al  and  Au 
contacts  to  n-type  CdTe  are  shown  in  fig.  5.  These 
two  metals  produce  quite  different  barrier  be¬ 
haviour.  consistent  with  the  observations  of  UPS 
The  metals  adhere  well  to  the  Schottky  model 
where  the  barrier  height  is  highly  dependent  on  the 
metal  work  function. 

On  air  cleaved  CdTe  however  the  situation  is 
different.  For  all  metals  studied  the  presence  of 
the  oxide  layer  leads  to  an  increase  in  the  Schollkv 
barrier  height,  as  shown  in  fig.  I . 

The  l-V  characteristics  of  an  Al-air  cleaved 
CdTe  diode  are  also  shown  on  fig  5.  For  A)  the 
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increase  in  barrier  height  is  much  greater  than  for 
Ag  It  is  obvious  therefore  that  the  use  of  reactive 
interlayers  between  the  semiconductor  surface  and 
the  metal  overlaver  is  a  way  of  affecting  the  Schol- 
tky  barrier  height.  The  possibility  then  arises  of 
controlling  the  barrier  height  by  appropriate  con¬ 
trol  of  the  reactive  interlayer.  To  this  end  we  have 
used  verv  thin  interfacial  layers  of  Al.  a  reactive 
metal,  to  modify  the  Schottky  barriers  formed  by 
Au  on  CdTe  Fig.  6  shows  the  /  V  characteristics 
of  diodes  prepared  with  various  Al  interlayer 
thickness  contacts.  The  CdTe-AI  and  CdTe  Au 
contacts  are  the  same  as  in  fig.  5,  From  fig  6  it  is 
seen  that  by  having  as  little  as  2  A  of  Al  between 
the  vacuum  cleaved  ( 1 10)  surface  of  CdTe  and  the 
Au  contact  the  Schottky  barrier  behaviour  has 
been  drastically  changed,  from  =  ~  0.96  eV  to 
jn  ohnuc  or  verv  low  barrier  contact  At  lower  Al 
mterlaver  thickness.  0  8  A.  one  still  sees  an  appre¬ 
ciable  Schottkv  barrier,  although  reduced  from  the 


salue  of  harriei  height  were  no  Al  interlayer  is 
present 

4.  Discussion 

In  general  good  agreement  between  Schottky 
barrier  heights  measured  by  /-  T.  C-  V  and  UPS 
techniques  has  been  achieved  for  the  metal- 
vacuum  cleaved  CdTe  systems  We  have  shown 
that  the  type  of  Schottkv  barrier  behaviour  ob¬ 
served  on  CdTe  is  very  dependeni  on  both  the 
metal  and  the  nature  of  the  CdTe  surface  It  has 
been  noted  that  mans  of  the  metal  CdTe  inter¬ 
faces  are  not  abrupt  with  interface  widths  being 
w  ide  in  some  cases 

For  metals  on  vacuum  cleaved  CdTe  the  results 
can  be  summarised  and  evaluated  as  follows  For 
low  work  function  metals  (<t>m  <  4  3  eV)  the  S,  hot- 
tky  barrier  height  is  less  than  0.1  eV  regardle--  of 
whether  there  is  Cd  outdiffusion  into  the  metal 
contact.  For  metals  of  larger  work  function,  with 
the  exception  of  Ni  and  Sn.  the  Schottky  barriers 
formed  are  in  rough  accordance  with  the  linear 
interface  potential  model  in  the  Schottky  limit 
|16J.  The  Ni  CdTe  system  is  not  consistent  aim 
this  behaviour.  Here  the  Fermi  level  at  the  surface 
appears  pinned  at  -  0.5  eV  below  the  conduction 
band,  an  observation  which  suggests  that  a  combi¬ 
nation  of  cadmium  outdiffusion  and  a  high  work 
function  metal  leads  to  the  presence  of  states  at 
the  interface  which  effectively  prevents  the  Fermi 
level  at  the  semiconductor  surface  from  shifting 
further  than  0  5  eV  below  the  conduction  band 
edge.  The  exact  nature  of  the  states  responsible  for 
this  Fermi  level  pinning  is  as  vei  uncertain  Several 
acceptor  levels  have  been  observed  within  the  gap 
and  the  assignment  of  causative  species  to  these 
levels  have  been  many.  Comprehensive  lists  of 
these  appear  in  articles  by  Kroger  |I7)  and  by 
Takebe  et  al  ( 1 8 J  The  levels  which  are  believed  to 
be  correct  for  Cd  vacancies  are  at  £,  -  0.6  to  0  7 
eV  for  a  doubly  charged  Cd  vacancy  and  at  l. ,  • 
0.05  to  0.06  eV  for  a  singly  charged  Cd  vacancy.  If 
one  postulated  that  for  the  case  of  Ni  CdTe  the 
Cd  outdiffusion  led  to  the  presence,  in  a  large 
enough  concentration  of.  doubly  charged  Cd 
vacancies  at  the  semiconductor  interface,  then  the 
resultant  pinning  of  the  Fermi  level  would  produce 


72 


M  H  Pullman.  R  H  W  illiams  Mrlal  CJTr  ml.  r/arc. 


the  Schollkv  barner  behaviour  seen 

Even  though  Cd  outdiffusion  occurs  at  metal  - 
CdTe  interfaces  where  the  metal  work  function  is 
low.  e  g.  Al.  the  resulting  energy  levels  generated 
do  not  influence  the  Fermi  levels.  The  importance 
of  defects  and  in  particular  the  role  of  the  Cd 
deficiency  in  the  formation  of  Au  and  Au/Cd 
contacts  to  CdTe  has  recently  been  recognised 
1 19].  The  Sn-CdTe  system  is  one  where  agreement 
between  I-V  and  UPS  evaluations  of  Schottky 
barrier  height  is  not  so  good.  I-V  measurements, 
as  shown  in  table  I.  indicate  a  barrier  of  0.4  eV  to 
be  present.  UPS.  however,  has  shown  that  a  lower 
barner  of  ~  0.3  eV  has  been  established  [14],  Until 
a  more  consistent  evaluation  of  the  Schottky  bar¬ 
rier  height  for  the  Sn-CdTe  system  has  been 
established,  inclusion  of  it  in  the  discussion  could 
be  misleading. 

Recently  the  formation  of  metal  contacts  to  the 
related  II— IV  compounds  CdS  and  CdSe  has  been 
studied  [20],  It  was  noted  that  many  of  the  inter¬ 
faces  studied  were  non-abrupl  with,  in  some  cases, 
appreciable  interface  widths.  The  use  of  ultra  thin 
layers  of  a  reactive  metal.  Al,  between  the  semi¬ 
conductor  and  the  Schottky  contact.  Au,  led  to 
appreciable  modification  of  the  Schottky  barrier 
behaviour.  This  modification  was  very  sensitive  to 
the  thickness  o'  the  Al  interlayers.  It  was  concluded 
that  the  movfication  in  Schottky  barrier  height 
was  dependi  it  on  the  density  of  metal  induced 
surface  states  rather  than  on  a  qualitative  change 
in  the  nature  of  these  states.  The  question  must 
then  be  asked  as  to  whether  a  similar  philosophy 
can  be  applied  to  the  results  observed  for  thin 
interlayers  of  Al  between  the  CdTe  and  the  Au 
contact.  It  is  known  that  Al  can  act  as  a  shallow 
donor  at  £c  -0.014  eV  [15]  in  bulk  n-type  CdTe, 
so  that  near  surface  doping  could  generate  similar 
states  at  the  interface.  If  the  density  of  these  states, 
is  large  enough  then  a  highly  n-type  surface  layer 
of  CdTe  may  ensue  with  the  Fermi  level  being 
located  very  near  to  the  conduction  band  edge. 
Our  UPS  results  have  Sown  that  a  movement  of 
the  Fermi  level  at  the  surface  towards  the  conduc¬ 
tion  band  is  indeed  seen  for  very  small  coverage  of 
Al,  pnor  to  any  evidence  of  metallic  Al  being  seen 
on  the  surface  If  we  now  deposit  a  thick  Au 
overlayer  onto  this  system  then  charge  transfer  to 


the  Au  would  occur,  the  result  being  a  Schottkv 
barrier  of  effective  height  less  than  that  observed 
for  the  simple  Au-CdTe  system  due  to  tunnelling 
through  the  very  thin  region  of  the  barrier  at  the 
interface.  This  type  of  result  is  seen  with  an  Al 
interlayer  thickness  of  0.8  A.  An  increase  of  the  Al 
interlayer  thickness  of  2  A  produced  contacts 
ohmic  in  nature  This  result  would  indicate  that 
one  now  has  a  metallic  Al  overlayer  on  the  surface. 
Although  the  Fermi  level  at  the  surface  has  moved 
nearer  to  the  conduction  band  due  to  the  Al  atoms 
acting  as  shallow  donors,  one  now  has  charge 
transfer  occurring  between  the  semiconductor  and 
the  metallic  Al  overlayer  rather  than  the  subse¬ 
quently  deposited  Au.  the  result  being  a  contact 
that  is  ohmic  in  nature. 

One  must  also  consider  the  possibilits  ol  the 
formation  of  “islands"  of  Al  on  the  CdTe  surface 
at  very  low  Al  coveiages  Deposition  of  an  Au 
electrode  on  top  of  this  would  result  in  an  electri¬ 
cal  contact  of  “mixed  phases"  where  different 
types  of  Fermi  level  pinning  behaviour  occur.  A 
recent  theoretical  treatment  [21]  of  mixed  phase 
contacts  has  shown  that  where  a  contact  exists  in 
which  there  are  phases  showing  different  Fernu 
level  pinning  behaviour,  interactive  effects  are  such 
that  in  measuring  the  contact  characteristics  one 
would  only  see  one  averaged  Fermi  level  p..*.tion. 

If  for  0.8  A  of  Al  we  postulate  the  presence  of 
Al  islands  on  the  CdTe  surface  then  subsequent 
deposition  of  Au  will  lead  to  a  "mixed  phase" 
contact.  The  electrical  characteristics  of  this  con¬ 
tact  can  be  understood  as  being  consistent  with 
the  Fermi  level  averaging  concept. 

With  2  A  of  Al  between  the  CdTe  and  the  Au 
the  situation  is  different,  and  we  assume  that  the 
Al  patches  have  now  developed  into  a  smooth 
continuous  film  of  atomic  thicknesses.  If  2  A  of  Al 
forms  such  a  film  on  the  CdTe,  then  even  with  the 
subsequent  deposition  of  Au  on  top  of  the  Al.  one 
would  only  have  a  single  phase  contact,  that  of  the 
Al  to  CdTe  Fermi  level  pinning  behaviour.  Result¬ 
ing  in  an  ohmic  or  very  low  barrier  contact. 

Introduction  of  oxide  layers  between  the  metal 
contact  and  the  clean  CdTe  surface  also  modifies 
the  Schottky  barrier  behaviour.  Oxidation  of  the 
CdTe  results  in  the  formation  of  Te02  on  the 
surface.  For  all  metals  studied  the  Schot  ;y  barrier 
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increase',  when  an  air  cleaved  surface  is  used  in¬ 
stead  of  a  vacuum  cleaved  one  The  increases 
however  are  not  all  of  the  same  magnitude.  Several 
processes  may  contribute  to  this.  Firstly  disruption 
of  the  CdTe  caused  by  the  oxidation  process  mav 
give  rise  to  surface  states,  thus  affecting  the  Fermi 
level  at  the  semiconductor  surface  Secondly,  lm- 
pingeing  metal  atoms  may  react  chemically  with 
the  surface  TeO,  to  form  metal  oxide  overlayers,  a 
process  which  is  energetically  favourable  for  several 
of  the  metals  involved,  e  g  Al.  In.  Cu.  Sn  and  Ni. 
This  may  lead  to  a  change  in  the  work  function  of 
the  overlaver  It  has  been  reported  (22)  that  ex¬ 
posure  of  Indium  metal  to  air  at  atmospheric 
pressure  increases  the  work  function  from  —  4  I  to 
~  4.6  Ev  In  1960  it  was  reported  (23)  that  the 
work  function  of  oulgassed  Ni  was  -  5.1.  eV.  but 
that  the  work  function  of  outgassed  NiO  was 
-  5  5  eV  However,  more  recent  work  (24)  has 
suggested  that  exposure  of  clean  Nit  1 10)  to  oxygen 
resulted  in  island  growth  of  NiO  with  a  resulting 
decrease  in  work  function.  Hence  it  is  difficult  to 
know  exactly  what  work  functions  to  consider 
when  metal  -  air  cleaved  CdTe  systems  are  being 
considered. 

These  uncertainties  mean  that  elucidation  of  the 
dominant  driving  force  behind  Schottkv  barrier 
formation  on  air  cleaved  CdTe  is  still  far  from 
being  understood  and  that  much  more  work  is 
necessary  to  enable  progress  to  be  made. 

5.  Conclusions 

( 1 )  Interfaces  formed  between  various  metals 
and  the  vacuum  cleaved  (1 10)  surface  of  CdTe  are 
non-ahrupt. 

(2)  Provided  one  eliminates  the  case  of  Cd  out- 
diffusion  into  high  work  function  metals,  the  data 
adhere  closely  to  the  linear  interface  modei  in  the 
Schottkv  limit.  It  should  be  noted  that  this  conclu¬ 
sion  is  based  on  the  results  of  six  metal-CdTe 
svstem'  lo  clarifv  the  Schollky  barrier  formation 
process  further,  it  will  be  necessary  to  investigate 
more  metal  CdTe  systems 

(3)  For  the  Al  interlayer  contacts,  two  possible 
mechanisms  may  be  responsible  for  the  observed 
effects,  (a)  Indiffusion  of  Al  with  a  resulting  bar¬ 


rier  reduction,  or  (b)  island  growth  at  low  cover¬ 
ages  of  A)  leading  to  “mixed  phase”  contacts 
resulting  in  an  "averaged”  Schottkv  harrier  height. 
Further  investigations  will  be  necessary  to  clarifv 
the  situation 

(4)  Oxide  layers  on  the  surface  of  CdTe  lead  to 
increase  in  the  measured  Schottky  barrier  height 
for  all  metals  studied  The  complexity  of  the  svs- 
tems  however  are  such  that  much  more  data  will 
be  needed  lo  adequately  describe  the  dominant 
mechanisms  responsible  for  these  effects 
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introduce*  uncertainty  into  making  quantitative  estimates. 
However,  from  the  simulation  results,  there  should  be  a  total 
offset  of  at  least  0.08  am  and  a  total  relaxation  of  at  least  0. 11 
nm  at  each  interface. 

Although  the  relaxation  j  ust  mentioned  may  be  thought 
of  as  divided  between  the  two  sides  of  an  interface,  the  size  is 
quite  large — in  fact  as  large  as  at  a  free  surface.  Several  fac¬ 
tors  might  contribute  in  varying  degrees  to  such  a  relaxation. 
First,  any  factor  that  influences  a  free  surface  might  also 
influence  the  interface.  More  specifically,  bond  lengths  will 
differ  at  the  interfaces  as  noted  by  Saps  et  ai,  and,  in  addi¬ 
tion,  the  bonds  at  the  interfaces  will  differ  in  electronegati¬ 
vity.10  Another  factor  is  the  manner  in  which  valence  and 
conduction  bands  match  up  on  the  two  sides  of  the  inter¬ 
face.  1 '  The  structure  of  the  energy  bands  for  InAs  and  GaSb 
can  be  expected  to  lead  to  charge  transfer  across  the  interface 
and  a  resulting  dipole. 
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Fermi  level  pinning  at  metal-CdTe  interfaces 
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Schottky  barrier  formation  has  been  studied  for  a  range  of  metals  on  vacuum  cleaved  CdTe 
surfaces,  using  a  multi  technique  approach.  Provided  one  eliminates  the  situation  of  cadmium 
outdiffuston  into  high  work  function  metals  from  the  analysis,  then  the  data  are  far  closer  to  the 
Schottky  limit  than  previously  reported.  The  influence  of  defects  is  discussed  in  the  light  of 
recent  data  relating  to  Au-Cd  alloy  contacts. 

PACS  numbers:  73.30.  +  y,  73.40.Ns,  79  60. Gs 


Detailed  studies  of  metal  films  deposited  onto  atomical¬ 
ly  clean  semiconductor  surfaces  are  gradually  and  progres¬ 
sively  leading  to  a  substantial  improvement  in  our  under¬ 
standing  of  those  mechanisms  of  importance  in  Schottky 
barrier  formation. 1-3  Recent  studies  on  clean  cleaved  sur¬ 
faces  of  some  Ul-V  materials  have  led  to  the  conclusion  that 
many  anomalies  in  our  understanding  of  barrier  formation 
,an  be  removed  by  assuming  that  simple  defects,  such  as 
anion  and  cation  vacancies  at  the  interface,  can  play  a  domi¬ 
nant  role  !  ‘J  In  order  to  understand  in  a  more  general  way 
the  role  played  by  defects  it  is  essential  therefore  to  extend  to 
other  semiconductor-metal  systems  the  type  of  studies  so 
successfully  carried  out  on  the  III-V  materials.  Extension  to 
the  II-VI  solids  is  highly  desirable,  and  of  these  CdTe  is 
particularly  appropriate,  since  it  can  be  doped  both  n  tnip 
type  and  can  also  be  readily  cleaved  to  yield  high  quality 
1 1 101  surfaces.”  In  these  studies  we  have  probed  Schottky 
barriers  formed  by  t  range  of  metals  on  clean  cleaved  ( 1 10) 
surfaces  of  CdTe  and  we  show  that  a  substantial  improve¬ 
ment  in  the  understanding  of  these  int  rfacaa  is  obtained 
once  the  importance  of  defects  is  recognized.  Indeed  in  a 
recent  study  of  Au  and  Cu-Cd  alloys  on  CdTe  (Ref.  7)  the 


importance  of  defects  was  also  pointed  out. 

Both  n-  and p-type  CdTe  crystals  are  grown  in  our  labo¬ 
ratory  by  a  Bridgman  method,  n-type  crystals  were  cleaved 
in  ultrahigh  vacuum  ( — 10" 10  Torr)  and  studied  by  means  of 
x  ray  and  ultraviolet  photoelectron  spectroscopy  (UPS). 
Metals  were  then  deposited  in  successive  submonolayer 
amounts.  The  formation  of  the  Schottky  barrier  and  inter¬ 
face  chemistry  was  monitored  after  each  deposition.  We  em¬ 
phasize  that  in  these  studies  the  use  of  incident  electron 
beams  (LEED  and  Auger  electron  spectroscopy)  was  avoid¬ 
ed,  since  it  has  been  shown  previously”  that  such  beams  have 
a  detrimental  effect  on  the  order  and  composition  of  the  in¬ 
terface.  Following  deposition  of  thick  (— 1000  A)  films  the 
Schottky  barrier  heights  were  established,  in  situ,  by  conven¬ 
tional  C-Fand  f-F techniques. 

Figure  1  illustrates  a  typical  result,  in  this  case  for  nick¬ 
el  on  CdTe.  The  figure  shows  UPS  spectra  measured  for 
emission  normal  to  the  surface  (flb  =  21.2  eV,  unpolarized). 
The  spectrum  for  the  clean  surface  shows  both  valence-band 
emission  as  well  as  emission  from  the  deeper  lying  Cd4d 
orbitals.  Upon  deposition  of  nickel  several  things  happen,  (a) 
All  features  corresponding  to  emission  from  CdTe  shift  to 
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FIG  I  Angle  resolved  photoelectron  «pectr*  for  vacuum  cleaved  CdTe 
with  controlled  evaporation  of  Ni  Spectra  shown  are  for  norma)  emission, 
feu  m  21.2  eV,  angle  of  incidence  of  light  *  55*.  The  peak  marked  with  an 
arrow  at  a  binding  energy  of  — 10.3  eV  is  due  to  cadmium  outdiffusion  from 
the  CdTe  into  the  Ni  overlayer  Spectrum  1  shows  the  vacuum  cleaved 
CdTe  surface  Spectra  2  and  3  show  the  CdTe  turface  with  progressive  Ni 
coverage  Spectrum  4  is  of  the  CdTe  surface  with  a  thick  Ni  overlayer 

lower  binding  energies  by  —  0.4  eV  as  the  Schottky  barrier 
forms,  fb)  The  emission  in  the  valence-band  region  is  modi¬ 
fied  as  emission  from  the  nickei  becomes  dominant,  (c)  The 
emission  corresponding  to  the  Cd4d  levels  is  split  with  a  new 
component  appearing  at  a  binding  energy  smaller  by  0.6  eV. 
This  is  due  to  the  removal  of  cadmium  from  the  semiconduc¬ 
tor  and  its  incorporation  in  the  metal  overlayer.  This  effect 
has  been  seen  by  other  workers."  It  is  of  considerable  interest 
to  note  that  the  Schottky  barrier  subsequently  measured  by 
1-V and  C-V methods  for  a  thick  nickel  film  also  yielded  a 
value  of  —  0.4  eV  in  excellent  agreement  with  the  photoemis¬ 
sion  observation  (a),  above.  This  was  indeed  found  to  be  true 
for  all  the  metals  studied. 

Table  I  summarises  the  measured  barriers  for  a  range  of 
metals  on  CdTe  and  also  indicates  those  where  outdiffusion 
of  Cd  was  observed.  In  Fig.  2  a  plot  of  barrier  heights  against 

TABLE  1  Barrier  betgbtt,  metaured  by  ./-Kind  UPS.  of  various  metal- 
CdTe  interfaces 
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FIG  2  Plot  of  bamer  heights  vs  mctaJ  work  function  4m,  for  vanous 
mrUJ-CdTe  interfaces.  The  electron  affinity  of  CdTe.  y.  is  indicated  on  the 
plot. 

the  work  function  <t>„  of  the  metal  is  shown  The  values  of  <t„ 
have  been  taken  from  Ref  9.  This  figure  may  be  understood 
as  follows.  For  low  work  function  metals,  the  Schottky  bar¬ 
rier  height  measured  is  less  than  0. 1  eV  regardless  of  whether 
there  is  Cd  outdiffusion  into  the  metal  contact  The  data  are 
quite  consistent  with  the  electron  affinity  value  of  4  28  eV 
reported  for  CdTe."1  For  metals  of  larger  work  functions, 
with  the  clear  exception  of  nickel,  the  barriers  formed  are 
roughly  in  accordance  with  the  linear  interface  potential 
model  in  the  Schottky  limit  17  These  findings  are  in  sharp 
contrast  to  those  reported  by  others.  "  u 

It  is  clear  from  Fig  2  that  the  nickel-CdTe  system  does 
not  follow  Schottky-like  behavior;  in  this  case  the  Fermi  lev¬ 
el  at  the  surface  appears  pinned  at  —0.45  eV  below  the  con¬ 
duction  band  Ec.  We  conclude,  therefore,  that  for  the  case  of 
cadmium  outdiffusion  and  a  high  work  function  metal  there 
exist  states  at  the  interface  which  prevent  the  Fermi  level  at 
the  semiconductor  surface  from  shifting  further  than  —0.5 
eV  below  E, . 

Clearly  even  though  there  is  cadmium  outdiffusion  as¬ 
sociated  with  some  of  the  low  work  function  metals,  such  as 
Al,  the  resulting  energy  levels  generated  do  not  influence  the 
Schottky  barriers  formed  with  these  metals. 

It  is  our  conclusion  therefore  that  metal-CdTc  inter¬ 
faces  in  general  show  a  behavior  close  to  the  Schottky  limit 
provided  those  high  work  function  metals  which  are  also 
associated  with  cadmium  outdiffusion  are  eliminated  from 
the  analysis.  It  is  of  some  interest  to  consider  these  findings 
in  the  light  of  a  recent  paper  by  Kuech.7  In  this  work  it  was 
found  that  gold  contacts  on  cleaved  CdTe  yielded  Schottky 
barriers  of  0.65  eV  but  if  an  Au/Cd  alloy  was  used  a  barrier 
of  0.92  eV  was  obtained.  The  importance  of  defects,  and  in 
particular  the  cadmium  deficiency,  was  recognized,  very 
much  in  agreement  with  the  present  work,  although  our  val¬ 
ue  of  d»  for  gold  on  CdTe  differs  from  that  reported  by 
Kuech. 

It  is  not  pomible  at  this  stage  to  analyze  in  more  detail 
the  nature  of  the  energy  levels  leading  to  pinning  of  the  Fer¬ 
mi  level  following  the  depletion  of  cadmium  from  the  semi¬ 
conductor.  However,  a  very  large  number  of  defect  levels  are 
known  to  exist  in  the14  band  gap  of  CdTe  and  many  have 
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I  associated  with  metal  deficiencies.  For  the  III-V  semicon¬ 
ductors  there  is  now  strong  evidence  relating  Fermi  level 
pinninf  at  interfaces  to  simple  defects  such  as  anion  and 
catkm  vacancies.  “  Although  it  is  likely  that  the  level  formed 
I  following  cadmium  depletion,  described  above,  has  a  donor 
»  nature,  the  existing  state  of  theoretical  approaches  does  not 
enable  one  to  associate  it  with  simple  vacancies.  The  exten- 

Iskm  of  the  theoretical  methods  developed  for  III-V  solids  to 
the  II-V1  materials  is  therefore  awaited  with  interest. 
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2.1  Introduction 


The  importance  of  surface  electronic  states  in  determining  the 
distribution  of  electronic  charge  at  and  near  a  semiconductor  surface  has 
long  been  recognised  and  widely  studied  [1.2],  These  states  determine  the 
nature  and  width  of  the  space  charge  layer  in  the  semiconductor.  The 
relationship  between  these  "surface"  states  and  the  "interface"  states  at 
boundaries  between  semiconductors  and  metals  or  insulators  is  still  the 
subject  of  considerable  interest  and  intense  study  and  up  to  the  present 
time  there  are  a  large  number  of  questions  which  remain  unresolved.  Inter¬ 
face  states  between  solids  such  as  Si  and  SiC>2f  or  between  GaAs  and  its 
oxides,  are  of  enormous  technological  importance  and  there  are  many  applica¬ 
tions  of  solids  such  as  the  III-V  compound  semiconductors  which  are  being 
hindered  by  an  inadequate  lack  of  control  over  the  nature  and  densities  of 
interface  states  formed.  This  in  turn  reflects  our  poor  understanding  of 
the  origin  of  interface  states.  During  the  last  ten  years  or  so  modem 
surface  and  interface  spectroscopies  [3,4]  such  as  LEED  and  Auger  electron 
spectroscopy  have  become  readily  available  so  that  much  of  the  current 
experimental  work  in  this  area  is  aimed  at  obtaining  a  detailed  understanding 
of  the  precise  relationship  between  the  types  and  exact  location  of  atoms 
at  the  interface  and  the  resulting  electronic  structure.  A  large  number 
of  these  experiments  involve  highly  detailed  studies  of  crystallographic 
ordering,  chemical  interactions  and  shifts  of  the  Fermi  levels  at  the  surface 
as  metal  or  gaseous  overlayers  are  deposited  on  atomically  clean  semicon¬ 
ductor  surfaces  [5-8] .  These  have  shown  that  a  large  number  of  semiconductor- 
metal  interfaces  are  complex  both  crystallographically  and  chemically  and 
that  imperfections  at  these  interfaces  can  often  dominate  the  electronic 
properties  of  the  interface.  In  this  section  we  consider  and  discuss  some 
aspects  relating  to  surface  and  interface  defects  on  semiconductors  and  the 
way  these  in  turn  may  influence  electronic  devices  such  as  Schottky  diodes. 
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Consider  a  very  simple  model  of  an  n-type  semiconductor  with  discrete 
acceptor  like  surface  states  as  illustrated  in  fig.  2.1.  The  band  bending 
Vg  is  related  to  the  electron  density  NQ  and  surface  state  density  Ng  by 
the  equation 

2e£oNovB  i 

Ns  '  e 

It  is  clear  that  for  reasonable  values  of  N0  and  £  then  values  of  Ns  of  around 
1012  cm  2  are  associated  with  eVB  of  the  order  of  1  eV.  Since  the  density 
of  atoms  in  the  outermost  layer  is  around  10*  ^  cm- 2  it  may  be  seen  that  very 
small  densities  of  surface  states  have  a  pronounced  influence  on  band  bending. 
These  surface  states  may  be  acceptor  or  donor  in  nature  and  are  often 
associated  with  broken  bonds  at  the  surface  (dangling  bonds)  and  with  the 
termination  of  the  bulk  potential  [1,2].  They  may  also  be  readily  generated 
by  the  adsorption  of  contaminants  on  the  surface.  In  addition  it  has  recently 
become  clear  that  surface  defects  or  imperfections  can  also  lead  to  donor 
and  acceptor  states  in  the  band  gap  and  that  these  in  turn  can  dominate  the 
distribution  of  charge  near  the  surface.  Fig.  2.2  illustrates  some  possible 
types  of  imperfections  which  will  later  be  considered.  It  includes  surface 
steps  as  well  as  vacancies  and  antisite  defects  both  close  to  the  surface 
and  in  the  surface  layer  itself.  Should  these  generate  electronic  states 
in  the  band  gap,  then  a  defect  density  of  around  10-2  monolayer  can  clearly 
be  of  great  importance. 

In  Part  2  we  consider  aspects  of  the  role  of  defects  on  atomically 
clean  semiconductor  surfaces.  In  part  3  we  consider  briefly  the  influence 
of  defects  on  adsorption  of  gases  and  vapours  on  semiconductor  surfaces  and 
in  part  4  we  deal  with  defects  at  metal-semiconductor  interfaces  and  in 
particular  with  their  relevance  in  pinning  the  Fermi  level  and  in  establishing 
schottky  barrier  heights.  Since  the  most  detailed  studies  have  been  carried 
out  on  III— V  semiconductors  most  of  our  discussion  will  relate  to  these. 
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2.2  Clean  Semiconductor  surfaces 


There  have  been  extensive  studies  of  surface  states  on  clean  cleaved 
group  IV,  III— V ,  and  II-VI  semiconductors.  It  appears  that  intrinsic 
surface  states  may  lead  to  strong  pinning  of  the  Fermi  level  at  (111) 
surfaces  of  Si  and  Ge  [9.1]  .  However,  for  high  quality  cleaved  surfaces  of 
III-V  compound  semiconductors,  such  as  the  (110)  surface  of  GaAs,  the 
relaxation  of  the  surface  atoms  from  their  bulk  positions  [10,11]  drives 
the  intrinsic  anion  and  cation  derived  "dangling  bond”  bands  from  the  gap 
[12,13]  .  Thus  for  a  "perfect"  defect  free  GaAs  (110)  surface  there  are  no 
intrinsic  states  pinning  the  Fermi  level  at  the  surface  and  the  contact 
potential  difference  between  highly  n-type  and  highly  p-type  crystals  is 
rouyhly  equal  to  the  band  gap.  This  means  that  cleaved  III-V  semiconductor 
surfaces  are  useful  test  beds  to  probe  the  effect  of  imperfections  which 
generate  gap  states,  since  the  defect  states  are  not  masked  by  intrinsic 
states. 

It  is  now  generally  agreed  that  cleavage  steps  on  GaAs  (110)  surfaces 
do  generate  states  in  the  gap  yielding  strong  Fermi  level  pinning  on  n-type 
crystals  [14,15] .  Perhaps  the  most  convincing  evidence  in  this  regard  is 
that  produced  by  Monch  and  Clemens  [15]  who  identified  step  related  acceptor 
levels  situated  around  0.6  eV  above  the  valence  band  edge.  Little  is  known 
about  the  precise  origin  of  these  gap  states  but  Joannopoulus  and  Mele  [16] 
have  assumed  that  the  edges  of  planar  (110)  fractures  are  invol /ed. 
Theoretical  estimates  of  the  energy  levels  associated  with  the  resulting 
dangling  bonds  suggest  the  formation  of  occupied  and  unoccupied  states  in 
the  gap  which  can  account  for  the  pinning  energies.  It  is  not  possible  to 
take  this  as  conclusive  at  this  stage  and  further  microscopic  studies  of  step 
profiles  on  such  surfaces  are  desirable. 

Step  related  surface  and  sub-surface  defect  states  have  also  been 
observed  on  cleaved  InP  (110)  surfaces  by  photoluminescence  [17,18] .  Peaks 
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in  the  spectra  associated  with  steps  have  been  attributed  to  defect  levels 
just  below  the  conduction  band.  Typical  spectra  are  shown  in  Fig.  2.3. 

Clearly,  therefore,  imperfections  at  and  near  the  cleaved  (110) 
surfaces  of  several  III-V  semiconductors  lead  to  strong  pinning  effects. 

Many  experimentalists  prepare  clean  surfaces  by  heating,  by  ion  bombar/iment 
and  annealing,  or  by  using  molecular  heam  epitaxy  to  generate  the  substrate 
and  associated  surface.  Almost  invariably  the  Fermi  levels  at  surfaces 
cleaned  or  prepared  in  this  way  are  very  strongly  pinned  [19-21).  There  is 
a  great  deal  of  evidence  showing  that,  at  least  for  III-V  materials  such  as 
GaAs  and  InP,  sputtering  and  heating  cycles  lead  to  surfaces  which  are  non- 
stoichiometric  chemically  [10]  and  which  have  a  large  fraction  of  the  surface 
atoms,  perhaps  as  many  as  20%  at  step  edges  [221.  In  addition  microscopic 
studies  [21]  often  show  small  spheres  of  metals  (Ga  or  In)  on  the  surface. 

The  intrinsic  Fermi  level  pinning  by  defects  on  these  surfaces  make  them 
rather  unsuitable  *or  systematic  studies  of  Schottky  barrier  formation  with 
a  range  of  met.  (discussed  in  part  4)  .  For  example,  it  has  been  shown  [19] 
that  the  Fermi  level  pinning  is  dominated  by  sputter  induced  near  surface 
defects  when  Ag  is  deposited  on  a  sputter  cleaned  GaAs  (110)  substrate. 
Likewise  all  metals  on  sputter  cleaned  n-type  InP  (110)  surfaces  yield  very 
low  effective  barriers.  Such  surfaces  are  known  to  be  non-stoichiometric 
with  the  surface  region  being  deficient  in  the  anion  (phosphorus)  species. 

It  is  natural  therefore  to  consider  the  effect  of  anion  vacancies  on  pinning 
behaviour.  This  question  is  persued  further  in  part  4. 

2.3  Adsorbed  layers  on  semiconductors 

The  adsorption  of  a  gas  on  a  semiconductor  surface  may  alter  the  charge 
distribution  near  the  surface  and  may  also  significantly  influence  the 
electronic  nature  of  a  contact  between  the  semiconductor  and  a  metal.  The 
detailed  way  in  which  the  adsorbate  generates  states  in  the  gap  may  be 
complex  and  is  very  often  associated  in  some  way  with  surface  defects.  The 
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Fig.  2:3  Photoluminescence  spectra  from  vacuum  cleaved  surfaces 
of  InP  for  stepped  and  step  free  regions.  Note  the 
additional  peak  in  the  upper  spectrum.  After  ref.  17 
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adsorbate  may  generate  donor  or  acceptor  states  directly  following  bonding 
to  the  surface,  or  indirectly  by  doping  the  surface  region  either  intersti- 
tially  or  substitutionally ,  or  it  may  create  native  defects  such  as  vacancies 
by  strong  interaction  with  the  semiconductor  surface.  The  adsorption  process 
itself  is  very  often  strongly  influenced  by  surface  imperfections  such  as 
steps.  In  particular  Kasupke  and  Henzler  [23]  have  clearly  shown  that  a 
step  density  of  about  15%  leads  to  a  factor  of  ten  increase  in  the  initial 
sticking  coefficient  of  oxygen  on  cleaved  silicon  (111)  surfaces.  Likewise 
very  large  variations  in  the  initial  sticking  coefficients  of  oxygen  on 
cleaved  III-V  surfaces  have  been  described  in  the  literature,  and  associated 
with  surface  defects  [24,25]. 

To  illustrate  the  influence  of  step  related  defects  on  the  bending  of 
the  energy  bands  near  the  semiconductor  surface  we  again  consider  photo¬ 
luminescence  studies  on  cleaved  InP  crystals  and  the  variation  of  that 
intensity  with  exposure  of  the  clean  cleaved  surface  to  oxygen.  In  Fig.  2.3 
photoluminescence  spectra  from  stepped  andstep  free  regions  of  the  InP 
surface  were  shown.  Upon  exposure  of  the  step  free  region  to  oxygen  the 
intensities  of  all  peaks  are  first  substantially  attenuated  and  then  recover 
as  illustrated  in  fig.  2.4.  The  attenuation  is  partly  associated  with 
increased  surface  recombination  and  with  increased  band  bending.  The  major 
part  of  the  dip  in  intensity  in  fig.  2.4  is  due  to  the  formation  of  a 
depletion  layer  as  shown.  In  this  case  the  adsorbed  oxygen  (highly  electro¬ 
negative)  forms  acceptor  states  on  the  surface.  The  surface  charge  here 
corresponds  to  less  than  10^  electrons  per  cm^.  With  further  exposure 
the  oxygen  begins  to  disrupt  the  surface,  and  certainly  leads  to  a  highly 
disordered  surface  layer  with  a  high  density  of  defects.  These  defects  in 
turn  are  believed  to  pin  the  Fermi  level  near  the  conduction  band.  For  step 
free  regions  the  movement  of  the  Fermi  level  measured  by  photoelectron 
spectroscopy  [26]  follows  the  same  trend  with  oxygen  exposure  as  that  shown 
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in  fig.  2.4.  For  the  stepped  regions,  however,  the  dip  shown  in  fig. 

2.4  is  not  pronounced.  The  interpretation  is  that  the  step  induced 
defects  pin  the  Fermi  level  in  such  a  way  that  it  cannot  move  upon 
exposure  to  oxygen. 

From  the  above  discussion,  therefore,  we  see  that  surface  defect 
such  as  steps  and  vacancies  can  severely  influence  the  adsorption  and 
interaction  of  gases  with  a  semiconductor  surface.  Hie  adsorption 
process  in  turn  can  generate  surface  defects,  and  the  adsorbed  species 
and  surface  defects,  adsorbate  induced  or  otherwise,  can  all  lead  to 
energy  levels  in  the  gap  and  to  Fermi  level  pinning.  In  view  of  the 
complex  nature  of  these  processes  it  is  not  surprising  that  our  under¬ 
standing  of  them  is  at  a  very  elementary  stage.  Ihere  is  a  great  need 
for  microscopic  surface  analytical  techniques  to  be  fully  developed 
and  applied  to  these  problems  and  indeed  there  are  indications  that  this 
will  be  achieved  during  the  next  few  years  {271 • 

Adsorption  induced  defects  states  on  semiconductor  surfaces  can 
have  a  pronounced  effect  on  the  Schottky  barrier  when  metal  contacts  are 
deposited  on  these  surfaces.  Hus  is  illustrated  [28]  in  fig.  2.5. 

Here  we  show  AES  and  LEED  for  a  clean  InP  surface  and  following  the 
exposure  of  the  surface  to  water  vapour.  We  also  show  the  I-V  curves 
for  diodes  formed  by  depositing  Ag  on  the  clean  surface  and  on  surfaces 
exposed  to  water.  Hie  effective  lowering  of  the  Schottky  barrier  has 
been  associated  with  adsorbate  induced  defect  levels.  Hie  water  vapour 
is  believed  to  adsorb  dissociatively  in  part  and  indeed  defects  may  also 
play  a  role  in  this  dissociation  process.  Hiere  are  other  examples  of 
similar  effects  when  H2S  is  adsorbed  on  InP  [29]  and  on  GaAs  [30,31]. 

2.4  Metals  on  semiconductors 

2.4.1  Perfect  and  iogierfect  interfaces 

During  the  past  few  years  there  have  been  many  detailed  studies 
of  the  interaction  of  metals  with  semiconductors,  making  use  in  particular 


Fig.  2:5  Auger  electron  spectra  (left)  and  LEED  (centre)  for 

clean  cleaved  InP  (upper)  and  following  progressive 
exposure  to  water  vapour  (105L,  centre  and  10gL, 
lower) .  On  the  right  are  1-V  characteristics  when 
silver  is  deposited  on  the  corresponding  surface. 
After  ref.  28. 


of  modem  surface  electron  spectroscopies  such  as  Auger  spectroscopy 
(AES)  and  photoelectron  spectroscopy  (UPS)  often  with  synchrotron 
radiation  as  the  exciting  source.  These  studies  have  shown  beyond 
doubt  that  the  inimate  interface  formed  at  room  temperature  between 
atomically  clean  metals  and  semiconductors  are  complex  regions  which  very 
often  are  not  atomically  abrupt  nor  indeed  fully  ordered.  These 
observations  have  led  to  theoretical  viewpoints  of  the  interface  which 
take  into  account  imperfections  and  defects  and  which  assume  that  in 
many  instances  defects  such  as  vacancies  or  substitutional  and  intersti¬ 
tial  impurities  dominate  the  electronic  nature  of  the  interface.  Indeed 
Andrews  and  Phillips  (32]  in  1973  grouped  interfaces  into  categories 
which  included  (a)  weakly  interacting  systems  (e.g.  where  the  metal  is 
physically  absorbed  on  the  semiconductor) ,  (b)  systems  where  the  metal 
and  semiconductor  interdiffuse  (with  the  metal  "doping"  the  semiconductor) , 
and  (c)  systems  where  the  metal  and  semiconductor  interact  very  strongly 
giving  rise  to  new  chemical  products  at  the  interface. 

An  interesting  illustration  of  the  difference  between  (a)  and 
(c)  above  has  recently  been  reported  by  Hughes  et  al.  [33].  A  range 
of  metals  were  deposited  on  atomically  clean  cleaved  surfaces  of  the 
semiconductor  GaSe.  This  solid  has  a  graphitic  like  layered  structure 
in  which  the  surface  bonds  are  saturated,  leading  to  an  inert  and 
highly  perfect  surface.  Photoemission  from  the  valence  bands  and  from 
Ga3d  and  Se3d  core  levels  were  then  recorded  both  for  the  clean  surface 
and  with  progressive  deposition  of  Al  on  the  surface.  Fig.  2.6a  shows 
typical  results  for  the  case  of  an  Al  overlayer.  It  may  be  seen  that 
emission  from  the  Ga3d  and  Se3d  core  levels  are  slowly  attenuated  as 
the  Al  thickness  increases.  However,  as  the  thickness  increases  beyond 
around  8  %  a  chemically  shifted  component  of  the  Ga3d  emission  appears, 
and  grows  with  increasing  thickness.  Clearly  the  Al  is  now  chemically 
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Fig.  2:6  (a)  Core  level  soft  X-ray  photoemission  spectra  from 
the  3d  level  of  Ga  and  the  3d  core  of  Se  for  a 
clean  surface  of  GaSe  and  with  progressive 
thickness  of  Al.  After  ref.  33. 


interacting  with  the  GaSe  surface,  dissociating  it  and  releasing  Ga 
atoms  which  are  then  incorporated  in  the  growing  Al  film.  Al  on  GaSe 
therefore  represents  a  strongly  interacting  system  which  leads  to  a 
dissociated  and  disordered  surface.  In  contrast  when  Ag  and  Au  are 
deposited  there  is  no  such  dissociation  of  the  surface;  the  Ga3d  and 
Se3d  core  levels  are  equally  attenuated  and  no  chemically  shifted 
components  appear.  Clearly,  therefore,  Ag  and  Au  on  GaSe  represent 
category  (a)  in  the  classification  outlined  whereas  Al  on  GaSe 
represents  category  (c) . 

There  are  two  aspects  of  the  above  work  in  particular  that  merit 
further  comment.  First  of  all  it  waB  observed  [33]  that  metals  which 
readily  react  chemically  with  Se  ( i „e.  which  havea  large  negative  heat 
of  reaction  with  Se)  are  the  ones  which  most  readily  dissociate  the 
surface  of  GaSe.  Thus  bulk  thermodynamic  data  (heats  of  reaction) , 
in  this  instance  at  least,  appear  to  yield  a  good  guide  of  interface 
interaction.  This  point  is  somewhat  controversial  and  will  be  discussed 
again  later  when  we  consider  III-V  semiconductors.  The  second  point 
relates  to  the  pinning  of  the  Fermi  level  at  the  GaSe  interface.  For 
the  clean  surface  the  Fermi  level  is  not  pinned  and  the  bands  are  flat 
up  to  the  surface.  Deposition  of  metals  lead  to  shifts  from  this  flat 
band  condition  and  these  shifts  are  shown  in  fig.  2.6b.  Here  the 
horizontal  axis  represents  $m,  the  work  function  of  the  metal.  It  may 
be  seen  that  large  shifts  are  observed  for  those  metals  which  weakly 
interact  with  the  surface  (Au,  Ag,  Sn)  whereas  those  metals  which 
interact  strongly  pin  the  Fermi  level  at  a  constant  value.  It 
seems  certain  that  the  defects  associated  with  the  highly  disordered 
and  dissociated  interfaces  pin  the  Fermi  level  at  this  constant  value. 
Certainly,  abrupt,  ordered,  weakly  Interacting  viewpoints  are  not 
appropriate  for  these  reactive  systems  on  GaSe  and  indeed  there  is 
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Pig.  2:6(b)  Shift  of  the  Fermi  level  from  the  flat  band 
condition  for  a  number  of  metals  on  clean 
cleaved  GaSe  surfaces.  The  horizontal  scale 
represents  the  metal  work  function.  After  ref. 
33. 
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strong  evidence  that  this  is  so  for  many  metals  on  group  IV,  III-V 
and  II-VI  semiconductors. 

The  above  data  for  weakly  interacting  metals  on  GaSe  are  in  rough 
accordance  with  the  linear  model  of  Schottky  barrier  formation  in  the 
Schottky  limit.  The  linear  model  relates  the  barrier  height  to  4>m  by: 

*b  =  s^m  -  Xsc>  +  C 

where  C  is  a  constant,  Xsc  t*le  electron  affinity  of  the  semiconductor, 
and  S  a  constant  for  a  given  semiconductor.  Thus  in  the  Schottky  limit 
[34]  S  =  1,  whereas  in  the  Bardeen  limit  [35]  S  =  0.  It  may  be  seen 
however  that  a  value  of  S  't  0  rather  than  S  =  1  is  more  appropriate  for 
the  reactive  metals  on  GaSe  and  clearly  a  constant  value  of  S  for  all 
metals,  reactive  and  unreactive  alike,  is  quite  inappropriate.  It  has 
been  shown  that  considerable  care  must  be  exercised  in  the  application 
of  the  linear  model  to  metal-semiconductor  systems.  It  has  been  widely 
applied  in  the  literature  but  often  its  use  has  been  on  a  very  uncertain 
and  doubtful  basis.  The  linear  model  formed  the  basis  of  the  classifi¬ 
cation  of  metal-semiconductor  systems  in  the  work  of  Kurtin  et  al.  [36] . 
In  that  classification  S  was  plotted  for  a  whole  range  of  semiconductors 
[37]  as  a  function  of  the  ionicity  of  that  semiconductor  (defined  as  the 
electronegativity  difference  between  anion  and  cation  in  the  semicon¬ 
ductor,  e.g.  between  Ga  and  As  in  GaAs) .  It  was  suggested  that  S  values 
close  to  zero  were  appropriate  for  covalent  solids  such  as  Si,  InP  and 
GaAs  but  that  values  of  S  around  unity  applied  to  ionic  solids  such  as 
ZnS  or  Si02.  A  well  defined  transition  was  suggested  at  a  critical 
electronegativity  difference.  The  basis  of  this  classification  now, 
however,  appears  uncertain.  Schluter  [38]  has  reanalysed  much  of  the 
original  data  and  shown  that  such  a  transition  is  not  well  defined.  In 
addition  it  has  been  shown  that  solids  such  as  InP  [39],  cdTe  [40]  and 
GaSe  [33]  do  not  yield  values  of  S  in  accordance  with  the  classification 


of  Kurtin  et  al.  [36]  and  that  in  these  cases  the  linear  model  is  not 
universally  applicable. 

To  summarise,  therefore,  it  seems  clear  that  many  metal- 
semiconductor  interfaces  are  not  atomically  abrupt  or  fully  ordered,  and 
in  order  to  account  for  the  electrical  nature  of  such  interfaces  models 
which  take  into  consideratior s  imperfections  are  most  appropriate. 

2.4.2.  Chemical  Reactions  and  Interdiffusion 

In  the  previous  part  the  apparent  relationship  between  Fermi  level 
pinning  and  the  nature  of  the  metal-semiconductor  interaction  was  illus¬ 
trated.  A  similar  behaviour  is  also  often  seen  for  metals  on  III-V 
semiconductors.  In  fig.  2.7  the  Fermi  level  pinning  positions  for  a 
range  of  metals  on  n-type  GaAs  [41]  and  on  n-type  InP  [42]  are  illustrated. 
On  GaAs  all  metals  shown  as  well  as  oxygen  seem  to  lead  to  a  constant 
pinning  energy  just  below  mid-gap.  Even  metals  such  as  Au  and  Cs, 
which  have  a  large  electronegativity  difference,  lead  to  similar  pinning 
energies.  This  behaviour  led  Spicer  et  al.  [41]  to  propose  the  "defect 
model"  of  Schottky  barrier  formation,  i.e.  they  assumed  that  Fermi  level 
pinning  is  caused  by  states  in  the  semiconductor  generated  by  interactions 
with  the  various  metals.  Since  some  of  these  interfaces  were  shown  to 
be  non-abrupt  it  was  concluded  that  pinning  was  by  defect  states  in 
the  semiconductor  near  the  interface.  Williams  et  al.  [39]  arrived  at 
a  similar  conclusion  in  their  studies  of  Schottky  barrier  formation  on 
InP.  It  seems  that  in  this  case  highly  reactive  metals  such  as  Ni  lead 
to  pinning  of  the  Fermi  level  fairly  close  to  the  conduction  band 
whereas  unreactive  metals  such  as  Au  and  Ag  lead  to  pinning  energies 
closa:  to  the  centre  of  the  band  gap. 

The  difference  in  the  nature  of  the  chemical  interaction  experienced 
by  InP  when  Au  and  Ni  overlayera  are  deposited  is  illustrated  in  fig.  2.8. 
Photoemission  from  the  In4d  and  P2p  core  levels  are  shown  both  for  the 
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Fig.  2:8  Soft  X-ray  core  level  photoemission  spectra  for 
clean  cleaved  InP  and  following  deposition  of 
Au  and  Ni.  After  ref.  43. 
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clean  surface  and  following  the  deposition  of  Ni  and  Au.  With  progres¬ 
sive  Au  deposition  the  In4d  and  P2p  core  levels  are  attenuated  more  or 
less  equally  and  no  chemically  shifted  components  are  seen  (other  than 
Fermi  level  shifts) .  The  behaviour  of  Ni  is  totally  different.  Here 
the  phosphorus  emission  is  attenuated  very  rapidly,  whereas  a  chemically 
shifted  component  of  the  In4d  emission  persists  following  the  deposition 
of  relatively  thick  Ni  films  [43]  .  Clearly  the  Ni  metal  interacts  with 
the  InP  in  such  a  way  as  to  dissociate  the  InP  surface  and  release  In 
atoms  which  are  then  incorporated  in  the  Ni  overlayer. 

There  are  two  major  questions  which  we  wish  to  address  relating 
to  metal -semiconductor  interactions  of  the  kind  illustrated  in  fig.  2.8. 
These  related  to  the  "interface  width"  and  also  to  whether  or  not  bulk 
thermodynamic  values  such  as  heats  of  reaction  are  of  use  in  determining 
the  interactions  at  the  interface.  We  will  take  the  second  question 
first. 

Brillson  [44]  and  Brillson  et  al .  [45]  have  attempted  to  relate 
Schottky  barrier  formation  for  metals  on  III-V  semiconductors  to  the 
heat  of  reaction  of  the  metal  atom  forming  the  overlayer  with  the  anion 
species.  Thus  Al  has  a  larger  negative  heat  of  reaction  with  As  than 
does  Ga  so  that  for  Al  on  GaAs  it  is  likely  that  Ga  will  be  replaced  by 
Al  in  the  surface  layer.  However,  the  usefulness  of  this  approach  has 
been  strongly  challenged  by  Bauer  et  al .  [46],  who  studied  the  surface 
dissociation  involved  when  Au,  Ga  or  Ge  were  deposited  on  AlAs  (110) 
and  (100)  surfaces.  By  comparing  the  data  obtained  with  similar  studies 
on  GaAs  (110)  surfaces,  Bauer  et  al .  [46]  concluded  that  bulk  thermo¬ 
dynamic  data  was  not  a  useful  guide  and  that  "local  interactions"  deter¬ 
mine  whether  or  not  the  interface  will  dissociate  upon  deposition  of  a 
metal  overlayer.  However,  it  should  be  noticed  that  Bauer  et  al.  [46] 
compared  measurements  for  metals  on  cleaved  GaAs  surfaces  with  those  on 
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AlAs  films  grown  by  molecular  beam  epitaxy.  It  is  known  that  slight 

deviations  of  the  semiconductor  surface  from  stoichiometry  (47)  as 

well  as  defects  such  as  steps  [5)  or  vacancies  can  strongly  influence 

such  interactions  and  it  is  not  clear  that  the  precise  nature  of  the 

AlAs  surface  prepared  by  Bauer  et  al.  [45)  was  comparable  to  those  of 

cleaved  GaAs  in  this  respect.  In  their  detailed  studies  of  metal- 

cleaved  InP  interactions  Williams  et  al.  [43)  showed  that  bulk  heats  of 

reaction  did  give  a  useful  guide  to  interface  chemistry.  However,  if 

the  semiconductor  surface  was  slightly  sputtered  by  argon  ions,  the 

detailed  interactions  with  metals  subsequently  deposited  were  drastically 

influenced  [5]  though  the  surface  stoichiometry  and  order  was  hardly 

changed  by  the  very  light  sputtering  event.  From  these  studies  we 

conclude  that  for  metal  overlayers  on  a  high  quality  cleaved  surface  of 

a  given  semiconductor,  bulk  thermodynamic  quantities  do  yield  a  useful 

guide  of  whether  or  not  chemical  interactions  will  take  place,  at  least 

in  a  limited  number  of  cases,  but  such  interactions  may  be  readily 

influenced  by  deviations  of  the  surface  from  perfection.  There  is  at 

the  present  time  considerable  interest  in  the  initiation  of  chemical 

interactions  at  interfaces  such  as  Al-GaAs  [47]  and  Al-InP  [48)  .  There 

is  strong  evidence  that  in  many  instances  exchange  reactions  do  not 

o 

occur  until  the  metal  coverage  exceeds  1  A  or  so,  and  this  in  turn 

depends  also  on  the  semiconductor  surface  chemical  stoichiometry  [47] . 

o 

(It  may  be  seen  that  the  finite  metal  thickness  of  around  8  A  is  needed 
before  strong  chemical  interactions  are  observed  for  the  Al-GaSe  system 
in  fig.  2.6a).  It  has  been  suggested  that  the  driving  energy  associated 
with  the  surface  dissociation  is  derived  from  theenergy  released  in 
the  formation  of  metallic  nuclei  on  the  semiconductor  surface  [47-49) . 
Whereas  this  is  both  feasible  and  likely,  it  is  certain  that  further 
detailed  studies  are  necessary  before  definitive  statements  can  be  made. 


We  now  turn  to  the  question  of  "interface  width".  In  fig.  2.6 

typical  attenuation  of  core  level  photoemission  due  to  the  metal  adlayers 

was  illustrated.  For  the  case  of  Au  and  Ag  on  InP,  for  example,  the 

attenuation  of  In4d  and  P2p  emission  is  roughly  equal,  whereas  following 

Ni  deposition  the  P2p  emission  is  attenuated  more  rapidly  than  the  In4d. 

Brillson  et  al .  (50]  have  assumed  that  an  "interface  width"  may  be 

defined  which  is  given  by  the  metal  overlayer  thickness  necessary  to 

attenuate  the  anion  emission  by  — .  Thus  for  Ni  on  Inp,  the  P2p  emission 

e 

is  very  rapidly  attenuated  and  the  "interface  width"  is  therefore  small. 
For  Ag  or  Au  on  InP  the  P2p  emission  is  only  slowly  attenuated  and  the 
interface  width  is  therefore  large.  Brillson  et  al.  [50]  then  probed 
this  interface  width  for  a  large  number  of  interfaces  and  arrived  at  the 
plot  shown  in  fig.  2.9.  The  horizontal  scale  here  is  the  heat  of  reac¬ 
tion  of  the  atoms  forming  the  metal  overlayer  with  the  anion  species, 
so  that  large  negative  heats  of  reaction  lead  to  very  abrupt  interfaces 
and  unreactive  systems  to  large  interface  widths.  If  correct,  this 
analysis  is  extremely  important  for  it  yields  a  new  systematic  charac¬ 
terisation  of  interfaces.  We  therefore  examine  the  basis  of  the  analysis 
a  little  further. 

We  note  that  for  the  case  of  reactive  metals  such  as  Ni  on  InP 
the  In4d  emission  is  attenuated  only  slowly  due  to  the  release  of  In  from 
the  interface  and  its  incorporation  in  or  on  the  metal  contact.  However 
the  rapid  attenuation  of  the  P2p  emission  gives  no  information  at  all 
relating  to  interface  width  since  the  Ni  atoms  may  penetrate  into  the 
semiconductor  and  this  is  not  measured.  For  the  case  of  unreactive 
metals  it  has  already  been  noted  that  the  In4d  and  P2p  emissions  are 
attenutated  much  more  slowly  than  would  be  expected  if  the  metal  overlayer 
grew  in  a  layer  upon  layer  or  laminar  fashion.  Because  the  attenuation 
is  slow  Brillson  et  al.  (50]  assume  that  P  and  In  atoms  are  released  from 
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Fig.  2:9  Plot  of  'interface  width',  T0,  against  heat  of  reaction 
of  the  metal  contact  and  the  anion  species  in  the 
semiconductor,  Ahr,  for  a  number  of  metal  III-V 
systems  as  suggested  in  ref.  50. 


the  semiconductor  interface  and  incorporated  in  the  metal  over layer  in 

o 

roughly  equal  amounts.  Thus  following  the  deposition  of  say  20  A  of 
Ag  one  still  sees  large  In4d  and  P2p  photoemission.  It  is  important  to 
note  that  this  analysis  depends  entirely  on  the  necessity  for  the  metal 
to  grow  according  to  layer  upon  layer  mode.  Yet  it  has  recently  been 
unambiguously  shown  that  this  is  not  the  case  for  metals  such  as  Ag 
deposited  at  room  temperature  onto  cleaved  InP  [5]  and  GaAs  [51)  surfaces 
and  on  GaAs  surfaces  prepared  by  MBE  [52).  The  growth  mode  involves 
substantial  island  formation  (Stranski-Krastanov  mode) .  In  this  situa¬ 
tion  the  attenuation  of  the  substrate  core  level  emission  must  be  less 
rapid  than  for  the  case  of  a  layer  upon  layer  growth  mode,  because 
substrate  emission  will  persist  from  the  regions  in  between  the  islands. 
We  conclude  therefore  that  the  basis  on  which  interface  widths  are 
established  by  Brillson  et  al.  [50]  are  of  doubtful  validity  and  plots 
of  the  kind  shown  in  fig.  2.9  are  not  useful.  Indeed  detailed  studies 
of  Ag-GaAs  (51,52)  and  Ag-InP  [5)  interfaces  by  several  workers  recently 
have  failed  to  show  that  these  interfaces  arenon-abrupt,  provided  the 
metal  is  deposited  at  room  temperature  onto  high  quality  surfaces. 

Indeed  for  metal-InP  (110)  systems  it  has  been  suggested  that  Ag  and 
Cu-InP  interfaces  may  be  more  abrupt  than  Ni-InP  ones  in  complete 
contradiction  to  fig.  2.8  [53],  We  conclude  therefore  that  analyses  of 
interface  widths  along  the  lines  adopted  by  Brillson  et  al.  [50] 
are  not  appropriate.  Existing  information  in  the  literature  regarding 
the  abruptness  of  interfaces  such  as  Ag-InP  and  Ag-GaAs  (and  indeed 
Ag-Si)  is  controversial  and  clearly  requires  more  detailed  studies  for 
the  many  remaining  questions  to  be  resolved.  Finally  we  also  note  that 
much  of  the  photoemission  evidence  in  the  literature  relating  to  the 
above  questions  have  relied  on  an  analysis  of  the  spin  orbit  splitting 
of  the  5d  and  4d  valence  levels  in  Au  and  Ag  respectively  and  differences 
in  these  splittings  when  the  film  is  very  thin  compared  to  when  it  is 
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thick  [46,50,54].  Smaller  spin-orbit  splittings  at  very  low  coverages 
o 

(a  few  A)  were  assumed  to  indicate  the  absence  of  island  growth.  In 
the  light  of  experiments  where  the  spin-orbit  splitting  of  the  Ag4d 
photoemission  was  shown  to  be  highly  dependent  on  cluster  size  [55] ,  it 
is  clear  that  the  interpretation  of  such  variations  for  Au  and  Ag  on 
III-V  semiconductors  is  not  conclusive  and  needs  to  be  re-examined. 

2.4.3  Interface  defects  and  Fermi  level  pinning 

As  stated  previously,  a  large  number  of  intimate  metal-semiconductor 
interfaces  are  non-abrupt  and  disordered  and  it  is  clear  that  models 
involving  imperfections  at  the  interface  are  more  appropriate  than 
those  relating  to  ordered,  perfect  boundaries.  In  view  of  the  fact 
that  the  semiconductor  surface  often  becomes  deficient  in  either  the 
anion  or  the  cation  it  is  appropriate  to  first  consider  the  effect  of 
such  deficiencies.  For  the  case  of  InP  this  was  first  done  by  Srivastava 
[56,39]  who  calculated  the  likely  energy  levels  generated  near  the  surface 
as  a  result  of  the  generation  of  phosphorus  point  vacancies.  It  was  shown 
that  such  a  vacancy  could  lead  to  an  energy  level  close  to  the  conduction 
band  and  that  it  could  either  donate  or  accept  electrons.  Thus,  if  such 
defects  existed  near  the  surface  in  sufficient  number,  they  could 
certainly  pin  the  Fermi  level  close  to  the  conduction  band,  as  observed 
when  surfaces  are  sputter  cleaned  (with  loss  of  phosphorus) ,  or  when 
they  are  exposed  to  gases  such  as  oxygen  or  chlorine.  The  calculations 
carried  out  be  Srivastava  [56]  employed  the  semi -empirical  pseudo¬ 
potential  method  and  obviously  cannot  be  taken  as  highly  accurate. 

These  studies  have  been  taken  further  by  Daw  and  Smith  [57-60]  and  by 
Allen  and  Dow  [61],  who  have  used  the  tight  binding  method.  Daw  and 
Smith  [57]  calculated  pinning  levels  associated  with  anion  and  cation 
vacancies  both  when  those  vacancies  are  in  the  bulk  and  at  the  surface. 
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Again  it  was  shown  that  they  could  have  donor  or  acceptor  nature. 

Of  particular  significance  are  the  calculations  of  Daw  and  Smith  (60) 
for  the  pinning  energies  in  a  range  of  III-V  alloys  and  their  results 
for  GaAs-AlAs-lnAs  alloys  are  illustrated  in  fig.  2.10.  The  theoretical 
pinning  energies  of  the  bulk  and  surface  anion  vacancies  are  compared 
with  the  measured  values  and  the  experimental  trend  is  clearly  reproduced 
by  the  calculations.  Similar  trends  have  been  observed  for  a  number  of 
other  III-V  alloy  systems. 

* 

Although  the  calculations  of  Daw  and  Smith  [57]  mostly  refer  to 
anion  vacancies  it  is  normally  cations  that  are  Incorporated  in  the 
contact  material  when  metals  such  as  A1  are  deposited  on  GaAs  [62,47] 
or  InP  [63] .  It  appears  that  calculations  of  defect  energies  based  on 
cation  vacancies  do  not  adequately  account  for  the  donor  and  acceptor 
nature  of  the  pinning  levels  [57]  but  antisite  defects,  i.e.  cations 
on  anion  sites  should  also  be  considered.  Allen  and  Dow  [61]  have  in 
fact  used  the  tight  binding  method  to  calculate  antisite  defect  energies 
in  a  range  of  III-V  alloys  and  again  reproduce  the  trends  seen  in 
experimental  Schottky  barrier  determination.  Thi6  is  illustrated  for 
the  alloy  Gaj_xAlx  As  in  fig.  2.11. 

There  are  several  aspects  of  the  "defect  model”  of  Schottky  barrier 
formation  which  deserve  further  coament  and  examination.  The  first 
relates  to  the  accuracy  of  the  calculations  leading  to  trends  such  as 
those  shown  in  figs.  2.10  and  2.11  and  the  usefulness  of  the  tight 
binding  method  for  this  purpose.  In  order  to  calculate  the  defect 
energies  it  is  necessary  to  consider  several  conduction  bands  in  the 
calculation,  and  it  is  not  clear  whether  or  not  the  existing  tight 
binding  methods  deal  with  the  conduction  bands  in  an  accurate  enough 
way  or  whether  they  include  a  sufficient  number  of  them.  According  to 
Singh  Lindef eldt  and  Zunger  [64] ,  the  tight  binding  method  is  not 
sufficiently  accurate  to  calculate  defect  energies  with  the  accuracy 
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Fig.  2:10  Fermi  level  pinning  energies,  measured  (lower)  and 
calculated  (upper) ,  based  on  anion  vacancies  for 
the  alloy  systems  shown.  After  ref.  60. 
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Fig.  2:H  Experimental  and  theoretical  Fermi  level  pinning 
energies  for  G«i_xA1xA8.  The  calculations 
refer  to  pinning  by  antisite  defects.  After 
ref.  61. 


necessary  to  confirm  the  "defect  model".  Detailed  discussions  of  more 
accurate  methods  of  calculating  defect  energies  have  been  given  in  the 
literature  and  at  the  present  time  these  methods  are  being  refined 
[65,64] .  Until  these  methods  are  fully  applied,  therefore,  the 
question  of  the  accuracy  of  the  tight  binding  model  and  the  usefulness 
of  data  such  as  those  shown  in  figs.  2.10  and  2.11  must  remain  uncertain. 

The  second  aspect  of  the  defect  model  we  wish  to  consider  is  the 
location  of  possible  defect  sites  with  respect  to  the  surface.  It  is 
clear  from  fig.  2.10  that  agreement  between  the  pinning  energies 
predicted  by  the  tight  binding  calculations  with  experiment  values 
is  superior  for  the  situation  where  the  anion  vacancy  is  In  the  surface 
layer,  rather  than  in  the  bulk.  The  calculations,  however,  are  for  a 
free  surface  and  do  not  take  into  account  the  fact  that  in  a  real 
situation  there  is  a  metal  contact  on  the  surface.  Due  to  the  penetra¬ 
tion  of  the  tails  of  wave  functions  associated  with  electron  states  in 
the  metal,  and  the  likelyhood  that  a  metal  atom  would  sit  in  the 
vacancy,  it  is  difficult  to  see  that  vacancies  in  the  outermost  surface 
layer  are  appropriate  or  that  their  energies  would  relate  in  any  simple 
way  to  those  calculated  by  Daw  and  Smith  [57],  or  by  Allen  and  Dow  [61). 
It  is  thus  far  more  likely  that  the  relevant  defects  are  those  in  layers 
below  the  surface,  and  that  the  vaiation  of  defect  energy  with  distance 
from  the  surface,  as  well  as  the  disorder  that  is  known  to  exist  at 
many  interfaces  would  lead  to  some  broadened  distribution  of  interface 
states.  It  is  of  considerable  interest  to  note  that  the  non-ideality 
of  Schottky  diodes  (the  "TQ  anomaly")  has  been  associated  with  an 
exponential  or  parabolic  distribution  of  interface  states  [66]  and 
defects  of  the  kind  outlined  above  could  clearly  3erve  as  the  origin  of 
such  states. 

Finally,  we  consider  whether,  if  defect  states  are  available  at 
the  metal -semiconductor  interface  in  densities  sufficient  to  cause 
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substantial  pinning,  they  can  be  detected  directly  by  currently 
popular  surface  electron  spectroscopies  such  as  UPS.  In  order  to 
achieve  pinning  of  the  kind  observed  for  metals  on  GaAs  (i.e.  where  S 
is  close  to  zero)  a  simple  theoretial  analysis  [67, 681  indicates  that 
a  density  of  interface  gap  states  approaching  10^  cm”2  is  required. 

If  these  states  were  confined  to  a  fairly  narrow  energy  range,  as 
assumed  in  the  defect  model,  then  it  would  be  anticipated  that  they 
could  be  detected  directly  by  techniques  such  as  UPS  and  low  energy 
electron  loss  spectroscopy  (LEELS) .  The  former  technique  in  particular 
is  capable  of  probing  just  a  few  atomic  layers  near  the  surface,  provided 
the  excitation  energy  is  appropriately  chosen,  and  should  have  a  high 
sensitivity  to  occupied  localised  states  in  the  band  gap.  Remarkably, 
though,  photoemission  from  surface  defect  levels  has  rarely  been  observed 
Such  localised  emission  has  been  observed  by  Montgomery  et  al.  129)  for 
the  case  where  clean  cleaved  InP  surfaces  were  exposed  to  water  vapour 
for  extended  periods.  The  exposures  concerned  were  certainly  sufficient 
to  drastically  influence  Schottky  barriers  formed  with  Au  and  Ag  contacts. 
Oxygen  induced  states  in  the  band  gap  have  also  been  observed  by  Thuault 
et  al.  [69]  during  their  studies  of  oxygen  adsorption  on  GaAs  (110) 
surfaces  using  photoemission  yield  spectroscopy.  Indeed  in  these  studies 
it  was  reported  that  the  density  of  oxygen  induced  surface  states  was 
greater  than  the  density  of  oxygen  atoms  on  the  surface  by  around  an 
order  of  magnitude  and  approached  10^  cm-^  at  very  low  oxygen  coverages. 
Bolmont  et  al.  [51]  have  also  observedstates  of  this  kind  in  the  band 
gap  of  GaAs  following  very  small  coverages  of  Ag.  However,  they  preferred 
to  interpret  these  states  in  terms  of  an  adsorbate  induced  change  of 
the  surface  relaxation  rather  than  in  terms  of  adsorbate  induced  defect 
levels.  Clearly,  therefore,  there  is  a  need  for  more  detailed  studies 
of  surface  defects  and  in  particular  there  is  a  need  to  develop  and  apply 
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techniques  which  can  identify  and  characterise  the  defect  levels  and 
their  influence  on  metal-semiconductor  interfaces. 

2.5  Conclusions 

It  is  now  well  known  that  the  existence  of surf ace  defects  close 
to  or  at  a  semiconductor  surface  can  have  a  significant  influence  on 
the  distribution  of  electronic  charge  near  that  surface  and  on  the 
way  that  surface  interacts  with  gases  and  metals.  In  many  instances 
the  existence  of  a  very  small  density  of  surface  defects  can  trap 
electrons  and  holes  on  the  surface  and  determine  the  magnitude  of  the 
space  charge  layer  near  the  surfaces.  The  interactions  between  surface 
defects  and  the  adsorption  of  gas  on  a  semiconductor  is  often  complex. 

The  adsorption  of  the  gas,  its  possible  molecular  dissociation,  and  the 
way  it  chemically  reacts  with  the  semiconductor  is  often  controlled  by 
the  presence  of  surface  defects.  The  gas-solid  interaction  in  turn  may 
generate  more  defects  which  can  influence  the  electronic  properties  of 
the  near  surface  region. 

The  interaction  of  metals  with  clean  semiconductor  surfaces  often 
lead  to  interfacial  layers  which  are  disordered  and  which  may  contain 
new  reaction  products,  and  in  addition  the  metal  and  semiconductor  may 
intermix  even  at  room  temperature.  All  these  processes  may  be  influenced 
by  the  perfection  of  the  semiconductor  surface.  Theories  of  Schottky 
barrier  formation  which  assume  abrupt  and  ordered  boundaries  do  not 
describe  these  situations  adequately!  theories  which  take  into  account 
imperfections  are  more  suitable  and  have  been  more  successful  in  descri¬ 
bing  the  range  of  experimental  data  obtained  on  III-V  semiconductors. 

Hie  "defect  model"  has  been  particularly  successful  but  there  are  still 
a  number  of  issues  relating  to  this  model  which  are  still  unresolved. 
There  are  also  a  number  of  unresolved  issues  relating  to  the  experimental 
data  and  in  particular  to  the  width  of  imperfect  interfaces. 
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At  the  present  time  our  understanding  of  surface  and  interface 
defects  on  semiconductors  at  a  microscopic  level  is  at  a  very  elementary 
stage.  Since  their  existence  and  detailed.  interactions  control  so  many 
surface  processes  there  is  a  great  need  to  apply  and  develop  methods 
which  can  probe  the  nature  of  surface  defects  on  a  atomic  scale. 
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